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Fluoride is an important pollutant in many countries, such as China, India, Australia,
the United States, Ethiopia, etc. Too low concentrations of fluoride cause osteoporosis
and saprodontia, leading to the use of toothpaste with fluoride. However, more regions
have higher concentrations of fluoride than is needed due to dry weather and geological
conditions, especially in industries containing fluoride pollution. The drinking water
standard of fluoride is ruled by World Health Organization as 1.5 ppm, and the regulated
standard in China is 1.0 ppm [1]. Taking in too much fluoride during a long period brings
about Ayers’ disease, fluorosis of bone, dental fluorosis, kidney stone, intestinal and liver
disorders, etc. Therefore, different treatment technologies are investigated to deal with
excessive fluoride.

C. S. Boruff reported the treatment of wastewater containing fluoride by using suf-
ficient calcium hydroxide to precipitate in January 1934 [2]. The precipitation method
opens the floodgates to remove fluoride. Adsorption, ion exchange, electric flocculation,
membrane technology, solvent extraction, and electro-adsorption were applied to remove
fluoride from nature, life, and industries [3–10]. Ion exchange needs ion-exchange resin,
which makes it easy to exchange fluoride in an ion exchange column. However, the
ion-exchange resin is easy to reach saturation and often needs to regenerate. Electric floc-
culation makes use of electrical energy that could change metal to metal ions. The metal
ions could combine fluoride to bring about flocculation. It brings metallic contamination
and power consumption. Fluoride can be obstructed by the pore diameter of a membrane.
Membrane fouling is an important risk to the technology. Solvent extraction requires
extraction and reverse extraction. The redundant process limits the application.

Adsorption and electro-adsorption use the bonding ability of materials with fluo-
ride. Adsorption is also an important way of dealing with water pollution [11]. Electro-
adsorption is the development of adsorption that applies an electric field to enhance the
binding capacity of materials for removing fluoride. Adsorbing materials are the dominant
factor for improving the adsorption capacity, adsorption rate, high selectivity, range of
pH, price, and recycling property. In this paper, we will discuss the adsorbing material
of fluoride due to it being most researched in this field This paper covers: (1) the past of
adsorbing material from 1930 to 2000: the initial preparation, application for removing flu-
oride; (2) the present of adsorbing material from 2001 to 2021: modified, mechanism about
fluoride removal; (3) the future for developing adsorbents: design, screen for capturing
fluoride. This provides the timeline of the development of adsorbing material for dealing
with wastewater containing fluoride.

The past of adsorbing material: Ralph H. McKee and William S. Johnston reported that
four different carbons were applied to remove fluoride, and some kinds of carbons were
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more efficient and promising [12]. C. S. Boruff also carried out similar work by using contact
beds with the activated alumina or aluminum compounds [2]. This research provided a
good attempt and guidance for the possibility of adsorbing fluoride. G. J. FINK and F. K.
LINDSAY used Al2O3 to adsorb fluoride, and the adsorption capacity could decline with
the increase in pH. Others research proved that the addition of magnesium may improve
the ability to remove fluoride [13]. Then, many researchers investigated alumina, until now.
At present, aluminium oxide is recommended as the optimizing and commercial sorbent
by the World Health Organization. H. Farrah and W. F. Pickering reported hydrous iron
oxides [14], Toshishige M. SUZUKI applied hydrous zirconium oxide and La/chelating
resin [15,16], Chong Mou Wang and Thomas E. Mallouk investigated titanium dioxide [17],
and J. Nomura, H. Imai and T. Miyake used hydrous cerium oxide [18] to remove fluoride
from wastewater. In this stage, most adsorbing materials were immediately purchased
or simply prepared to find the possibility of fluoride removal. This period offered the
fundaments and inspiration for the subsequent research in adsorbing fluoride.

The present of adsorbing material: with the development of industry and society,
high concentrations of, and complex wastewater containing fluoride need to be disposed.
Hence, biomass, thallus, nano-metal oxide, graphene, metal organic frameworks, carbon
nanotubes, polymers, layered double hydroxides, and perovskite are applied to improve
the performances of removing fluoride [19–27]. There are also other different adsorbing
materials for fluoride removal. The developments of adsorptive directions are summa-
rized as: (A) finding new kinds of materials: Sn(II)-TMA metal organic framework (MOF)
demonstrated efficient adsorption efficiencies at a wide pH in simulated wastewater [28];
(B) modifying adsorbing materials: Fe3O4/γ-MnO2 meso-porous nanocomposite furnished
adsorption sites O-Mn-OH to exchange -OH with -F. The study offered an effective modified
approach [29]; (C) density functional theory: intrinsic, B-doped, and Al-doped graphene
were revealed to affect the adsorption changes of F− ions and HF molecules. Among them,
the Al-doped graphene was more easily combined with F− ions. The molecule of HF could
be only chemisorbed on Al-doped graphene [30]; (D) complicated wastewater: Acineto-
bacter H12 was investigated to deal with wastewater containing calcium, fluoride, and
nitrate [31]. Layered double oxides were studied for remediating the industrial wastewater
containing manganese and fluoride [32]; (E) technological upgrade: Ti(OH)4/activated
carbon was used as the electrode to remove fluoride that can reach 115.2 mg/g when a
voltage of +1.2 V was investigated and regenerated quickly at −1.6 V [33].

The future for developing adsorbents: There were more efforts to understand the
process of fluoride clearly. (1): Mechanisms and models: the mechanism of fluoride can
be revealed more clearly with the development of materials’ characterization and theoret-
ical calculation, such as synchrotron radiation source, cryoelectron microscopy, etc. The
in-depth mechanism can generate adsorption models for removing fluoride; (2): electrosorp-
tion: this newly developed technology will have caused more interest. Many problems
need to be further investigated; (3): complicated wastewater: wastewater contains too
many constituents for modern society. The high selectivity and specificity of fluoride
are one goal for complicated wastewater. What is more, the simultaneous adsorption of
contaminants is also another goal; (4): machine learning and artificial intelligence will be
important tools to design the adsorbing materials. They offer an efficient and goal-oriented
way to sieve adsorbing materials and modified crystal structures; (5): advanced materials:
the advanced materials will open a new possibility to exhibit new series adsorbing materi-
als, for example, MXene, graphdiyne, etc. These design ideas will be applied to modify
advanced materials to improve the capability of fluoride removal.

Humans and nature are finding the equilibrium between fluoride and health. It
requires the discovery of new technology and material. Urbanization keeps the urban
drinking water lower than the fluoride drinking standard of 1 ppm. However, rural drink-
ing water is still confronted with a great challenge from industrial urban development. It
should utilize the resource of fluoride. This Special Issue is built to promote the researchers
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who deliver these thoughts, ideas, and discoveries of nanomaterials in water applications.
Thank you to everyone who wants to, or can contribute to this Special Issue.

Author Contributions: Writing—original draft preparation, L.H.; reading and collecting, K.W., J.Y.;
discussion, L.W., Q.L., H.C., T.X.; design, H.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: The work was supported by the National Natural Science Foundation of China (nos.
51208122, 51778156, 51708142), Pearl River S & T Nova Program of Guangzhou (201806010191),
Talent Cultivation Program of Guangzhou University (RP2021014, YJ2021005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wen, T.; Hong, Z.; Xiang, B.P.; Peng, W.; Hai, Y.W.; Lei, H. Removal of fluoride from wastewater solution using Ce-AlOOH with
oxalic acid as modification. J. Hazard. Mater. 2020, 384, 121373.

2. Boruff, C.S. Removal of Fluorides from Drinking Waters. Ind. Eng. Chem. 1934, 26, 69–71. [CrossRef]
3. Aliaskari, M.; Schäfer, A.I. Nitrate, arsenic and fluoride removal by electrodialysis from brackish groundwater. Water Res. 2021,

190, 116683. [CrossRef]
4. Castañeda, L.F.; Rodríguez, J.F.; Nava, J.L. Electrocoagulation as an affordable technology for decontamination of drinking water

containing fluoride: A critical review. Chem. Eng. J. 2021, 413, 127529. [CrossRef]
5. Grzegorzek, M.; Majewska-Nowak, K.; Ahmed, A.E. Removal of fluoride from multicomponent water solutions with the use of

monovalent selective ion-exchange membranes. Sci. Total Environ. 2020, 722, 137681. [CrossRef] [PubMed]
6. Park, G.; Hong, S.P.; Lee, C.; Lee, J.; Yoon, J. Selective fluoride removal in capacitive deionization by reduced graphene

ox-ide/hydroxyapatite composite electrode. J. Colloid Interf. Sci. 2021, 581, 396–402. [CrossRef] [PubMed]
7. Guo, Y.; Li, C.; Gong, Z.; Guo, Y.; Wang, X.; Gao, B.; Qin, W.; Wang, G. Photocatalytic decontamination of tetracycline and Cr(VI)

by a novel α-FeOOH/FeS2 photocatalyst: One-pot hydrothermal synthesis and Z-scheme reaction mechanism insight. J. Hazard.
Mater. 2020, 397, 122580. [CrossRef] [PubMed]

8. Raghav, S.; Nair, M.; Kumar, D. Tetragonal prism shaped Ni-Al bimetallic adsorbent for study of adsorptive removal of fluoride
and role of ion-exchange. Appl. Surf. Sci. 2019, 498, 143785. [CrossRef]

9. Sandoval, M.A.; Fuentes, R.; Thiam, A.; Salazar, R. Arsenic and fluoride removal by electrocoagulation process: A general review.
Sci. Total Environ. 2021, 753, 142108. [CrossRef]

10. He, Y.; Huang, L.; Song, B.; Wu, B.; Yan, L.; Deng, H.; Yang, Z.; Yang, W.; Wang, H.; Liang, Z.; et al. Defluorination by ion
exchange of SO4

2− on alumina surface: Adsorption mechanism and kinetics. Chemosphere 2021, 273, 129678. [CrossRef]
11. Zhao, Y.; Xia, K.; Zhang, Z.; Zhu, Z.; Guo, Y.; Qu, Z. Facile Synthesis of Polypyrrole-Functionalized CoFe2O4@SiO2 for Removal

for Hg(II). Nanomaterials 2019, 9, 455. [CrossRef]
12. Ralph, H.M.; William, S.J. Removal of Fluorides from Drinking Water. Ind. Eng. Chem. 1934, 26, 849–851.
13. Fink, G.J.; Lindsay, F.K. Activated alumina for removing fluorides from drinking water. Ind. Eng. Chem. 1936, 28, 947–948.

[CrossRef]
14. Farrah, H.; Pickering, W. Interaction of dilute fluoride solutions with hydrous iron oxides. Aust. J. Soil Res. 1986, 24, 201–208.

[CrossRef]
15. Suzuki, T.M.; Chida, C.; Kanesato, M.; Yokoyama, T. Removal of Fluoride Ion by a Porous Spherical Resin Loaded with Hydrous

Zirconium Oxide. Chem. Lett. 1989, 18, 1155–1158. [CrossRef]
16. Kanesato, M.; Yokoyama, T.; Suzuki, T.M. Selective Adsorption of Fluoride Ion by La(III)-loaded Chelating Resin Having

Phosphonomethylamino Groups. Chem. Lett. 1988, 17, 207–210. [CrossRef]
17. Chong, M.W.; Thomas, E.M. Wide-Range Tuning of the Titanium Dioxide Flat-Band Potential by Adsorption of Fluoride and

Hydrofluoric Acid. J. Phys. Chem. 1990, 94, 4276–4280.
18. Nomura, J.; Imai, H.; Miyake, T. Removal of Fluoride Ion from Wastewater by a Hydrous Cerium Oxide Adsorbent. ACS Symp.

Ser. 1990, 422, 157–172. [CrossRef]
19. Bessaies, H.; Iftekhar, S.; Asif, M.B.; Kheriji, J.; Necibi, C.; Sillanpää, M.; Hamrouni, B. Characterization and physicochemical

aspects of novel cellulose-based layered double hydroxide nanocomposite for removal of antimony and fluoride from aqueous
solution. J. Environ. Sci. 2021, 102, 301–315. [CrossRef] [PubMed]

20. Huang, L.; Yang, Z.; Lei, D.; Liu, F.; He, Y.; Wang, H.; Luo, J. Experimental and modeling studies for adsorbing different species of
fluoride using lanthanum-aluminum perovskite. Chemosphere 2021, 263, 128089. [CrossRef] [PubMed]

3



Nanomaterials 2021, 11, 1866

21. Kuang, L.; Liu, Y.; Fu, D.; Zhao, Y. FeOOH-graphene oxide nanocomposites for fluoride removal from water: Acetate mediated
nano FeOOH growth and adsorption mechanism. J. Colloid Interface Sci. 2017, 490, 259–269. [CrossRef]

22. Ruan, Z.; Tian, Y.; Ruan, J.; Cui, G.; Iqbal, K.; Iqbal, A.; Ye, H.; Yang, Z.; Yan, S. Synthesis of hydroxyapatite/multi-walled carbon
nanotubes for the removal of fluoride ions from solution. Appl. Surf. Sci. 2017, 412, 578–590. [CrossRef]

23. Su, R.; Xie, C.; Alhassan, S.I.; Huang, S.; Chen, R.; Xiang, S.; Wang, Z.; Huang, L. Oxygen Reduction Reaction in the Field of Water
Environment for Application of Nanomaterials. Nanomaterials 2020, 10, 1719. [CrossRef]

24. Talebi, S.S.; Javid, A.B.; Roudbari, A.A.; Yousefi, N.; Ghadiri, S.K.; Shams, M.; Khaneghah, A.M. Defluoridationof drinking
water by metal impregnated multi-layer green graphene fabricated from trees pruning waste. Environ. Sci. Pollut. Res. 2021, 28,
18201–18215. [CrossRef]

25. Wan, K.; Huang, L.; Yan, J.; Ma, B.; Huang, X.; Luo, Z.; Zhang, H.; Xiao, T. Removal of fluoride from industrial wastewater by
using different adsorbents: A review. Sci. Total Environ. 2021, 773, 145535. [CrossRef]

26. Zhu, X.-H.; Yang, C.-X.; Yan, X.-P. Metal-organic framework-801 for efficient removal of fluoride from water. Microporous
Mesoporous Mater. 2018, 259, 163–170. [CrossRef]

27. Wang, Z.; Ali, A.; Su, J.; Hu, X.; Zhang, R.; Yang, W.; Wu, Z. Batch fluidized bed reactor based modified biosynthetic crystals:
Optimization of adsorptive properties and application in fluoride removal from groundwater. Chemosphere 2021, 281, 130841.
[CrossRef]

28. Arnab, G.; Gopal, D. Green synthesis of a novel water-stable Sn(II)-TMA metal-organic framework (MOF): An efficient adsor-bent
for fluoride in aqueous medium in a wide pH range. New J. Chem. 2020, 44, 1354.

29. Zhao, Z.; Geng, C.; Yang, C.; Cui, F.; Liang, Z. A novel flake-ball-like magnetic Fe3O4/γ-MnO2 meso-porous nano-composite:
Adsorption of fluorinion and effect of water chemistry. Chemosphere 2018, 209, 173–181. [CrossRef] [PubMed]

30. Chen, T.; An, L.; Jia, X. A DFT-based analysis of adsorption properties of fluoride anion on intrinsic, B-doped, and Al-doped
graphene. J. Mol. Model. 2021, 27, 56. [CrossRef] [PubMed]

31. Ali, A.; Wu, Z.; Li, M.; Su, J. Carbon to nitrogen ratios influence the removal performance of calcium, fluoride, and nitrate by
Acinetobacter H12 in a quartz sand-filled biofilm reactor. Bioresour. Technol. 2021, 333, 125154. [CrossRef] [PubMed]

32. Teixeira, M.A.; Mageste, A.B.; Dias, A.; Virtuoso, L.S.; Siqueira, K.P. Layered double hydroxides for remediation of industrial
wastewater containing manganese and fluoride. J. Clean. Prod. 2018, 171, 275–284. [CrossRef]

33. Li, Y.; Zhang, C.; Jiang, Y.; Wang, T. Electrically enhanced adsorption and green regeneration for fluoride removal using
Ti(OH)4-loaded activated carbon electrodes. Chemosphere 2018, 200, 554–560. [CrossRef] [PubMed]

4



nanomaterials

Article

Studies on Kinetics, Isotherms, Thermodynamics and
Adsorption Mechanism of Methylene Blue by N and S
Co-Doped Porous Carbon Spheres

Yongpeng Ren 1,2, Feng Chen 3, Kunming Pan 1,2, Yang Zhao 2, Lulu Ma 3 and Shizhong Wei 1,2,*

Citation: Ren, Y.; Chen, F.; Pan, K.;

Zhao, Y.; Ma, L.; Wei, S. Studies on

Kinetics, Isotherms, Thermodynamics

and Adsorption Mechanism of

Methylene Blue by N and S

Co-Doped Porous Carbon Spheres.

Nanomaterials 2021, 11, 1819. https://

doi.org/10.3390/nano11071819

Academic Editor: George Z. Kyzas

Received: 5 June 2021

Accepted: 6 July 2021

Published: 13 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Materials Science and Engineering, Henan University of Science and Technology,
Luoyang 471003, China; REN_YP123@163.com (Y.R.); pankunming2008@haust.edu.cn (K.P.)

2 Henan Key Laboratory of High-Temperature Structural and Functional Materials, National Joint Engineering
Research Center for Abrasion Control and Molding of Metal Materials, Henan University of Science and
Technology, Luoyang 471003, China; gloryfire@126.com

3 School of Environmental and Biological Engineering, Henan University of Engineering,
Zhengzhou 451191, China; chenfeng871588@163.com (F.C.); malulu1001@163.com (L.M.)

* Correspondence: hnwsz@126.com

Abstract: Heteroatom-doped carbon is widely used in the fields of adsorbents, electrode materials
and catalysts due to its excellent physicochemical properties. N and S co-doped porous carbon
spheres (N,S-PCSs) were synthesized using glucose and L-cysteine as carbon and heteroatom sources
using a combined hydrothermal and KOH activation process. The physicochemical structures and
single-factor methylene blue (MB) adsorption properties of the N,S-PCSs were then studied. The
optimized N,S-PCSs-1 possessed a perfect spherical morphology with a 2–8-μm diameter and a large
specific area of 1769.41 m2 g−1, in which the N and S contents were 2.97 at% and 0.88 at%, respectively.
In the single-factor adsorption experiment for MB, the MB adsorption rate increased with an increase
in carbon dosage and MB initial concentration, and the adsorption reached equilibrium within 2–3 h.
The pseudo-second-order kinetic model could excellently fit the experimental data with a high R2

(0.9999). The Langmuir isothermal adsorption equation fitted well with the experimental results
with an R2 value of 0.9618, and the MB maximum adsorption quantity was 909.10 mg g−1. The
adsorption of MB by N,S-PCSs-1 was a spontaneous, endothermic, and random process based on
the thermodynamics analyses. The adsorption mechanism mainly involved Van der Waals force
adsorption, π-π stacking, hydrogen bonds and Lewis acid–base interactions.

Keywords: methylene blue; porous carbon spheres; heteroatom-doping; adsorption; mechanism

1. Introduction

Dyes are widely used in textile, plastics, and the paper and pulp industries [1,2]. The
characteristics of printing and dyeing wastewater, such as complex water quality, high COD
value, poor biodegradability, low light permeability, and carcinogenesis and mutagenesis,
lead to allergic dermatitis, skin allergy, cancer and gene mutations in the human body [3,4].
New printing and dyeing technology also aggravate wastewater treatment. Therefore, it
is urgent to solve the problem of printing and dyeing wastewater treatment, as well as to
provide emission standards. To date, adsorption, reverse osmosis, precipitation, biological
treatment, and other decoloring technologies have been widely used to deal with printing
and dyeing wastewater [4,5]. The adsorption method possesses the advantages of a high
efficiency, environmental protection, simple operation, and low cost, which draws wide
interest from researchers all over the world [3,6]. A new type adsorbent with a large specific
surface area, high adsorption capacity, fast adsorption rate, and special surface reactivity is
essential to enhance the performance of wastewater treatment.

Porous carbon has attracted broad interests because of its advantages, such as its excel-
lent chemical and thermal stability, good mechanical stability, controllable pore structure,

Nanomaterials 2021, 11, 1819. https://doi.org/10.3390/nano11071819 https://www.mdpi.com/journal/nanomaterials5
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and high specific surface area [7,8]. In recent years, surface functionalized heteroatomic
carbon materials have already been widely used as catalysts, adsorbents and as energy
storage materials due to their unique physical and chemical properties. For example,
Zhu’s team synthesized highly nitrogen-doped hollow carbon nanoparticles using a facile
one-pot method, which showed excellent electrocatalytic activity for triiodide reduction
in dye-sensitized solar cells, which was better than conventional platinum catalysts [9].
Zhang’s group demonstrated that Pennisetum alopecuroides-derived urea-modified activated
carbon could improve the adsorption of Ni (II) from aqueous solutions because of its
abundant surface nitrogen-containing functional groups [10]. Wang et al. reported that
nitrogen-doped porous carbon nanosheets could lead to the effective immobilization of
polysulfides and a simultaneous improvement in the reaction kinetics of sulfur species in
lithium–sulfur batteries [11].

Apart from single-atom-doped carbon materials, doping with two or more kinds of
heteroatoms in a carbon framework is considered to be more conducive to improving
the physical and chemical properties of carbon materials, thus further broadening their
application fields. Some recent studies have demonstrated this viewpoint, such as nitrogen
and sulfur co-doped micro-mesoporous carbon sheets for improving Cr(VI) adsorption
through synergistic effects [12], the efficient removal of methylene blue with nitrogen
and oxygen co-doped three-dimensional honeycomb porous carbons [13], enhanced CO2
uptake and outstanding methylene blue adsorption capacities by heteroatom nitrogen and
oxygen-doped porous carbon materials [14], cobalt and nitrogen co-doped porous carbon
materials for enhanced capacitive deionization [15], and sulfur/nitrogen/oxygen tri-doped
hierarchical porous carbon as high quality sulfur hosts in lithium–sulfur batteries [16].
Therefore, inspired by the aforementioned works, this study aimed to synthesize N and
S co-doped porous carbon spheres (N,S-PCSs) derived from biomass for the treatment of
printing and dyeing wastewater.

In this work, N and S co-doped porous carbon spheres (N,S-PCSs) were synthe-
sized using glucose and L-cysteine as the carbon source and doping agent using a facile
hydrothermal-KOH activation two-step method. The structure and physicochemical prop-
erties of N,S-PCSs were tested, and the adsorption properties of organic dyes in aqueous
solution by N,S-PCSs were investigated in detail using methylene blue (MB) as a model
dye. In addition, the adsorption kinetics, isotherms, thermodynamics, and adsorption
mechanism of MB by N,S-PCSs were also discussed. This work provides an insight into sus-
tainable biomass resources utilization and dye treatments, which could be simultaneously
beneficial for emission reduction and wastewater reduction.

2. Materials and Methods

2.1. Synthesis of N,S-PCSs

Typically, for N,S-PCSs-1 preparation, 7.2 g glucose and 0.72 g L-cysteine were dis-
solved in 80 mL distilled water and stirred for 30 min. Then the solution was injected into
the Teflon linings (100 mL) with a stainless-steel reactor. The reactor was heated at 180 ◦C
for 12 h to finish the hydrothermal reaction, afterward, it was filtered and washed with
distilled water and dried at 80 ◦C, the hydrothermal carbon was obtained. The hydrother-
mal carbon was heated in a Ni crucible under a N2 atmosphere at 400 ◦C for 1 h with a
heating rate of 5 ◦C min−1 to obtain the carbonized samples. The carbonized samples and
KOH were mixed at a mass ratio of 1:4, and then activated at 800 ◦C for 1 h under a N2
atmosphere with a heating rate of 5 ◦C min−1. When cooled to room temperature, the
activated samples were washed with hydrochloric acid, filtered and washed with distilled
water until a pH = 7 was reached, and then dried at 80 ◦C for 24 h. The resulting sample
was marked as N,S-PCSs-1. As a contrast, the PCSs, N,S-PCSs-2 and N,S-PCSs-3 samples
were also synthesized using the same method described above except with changing the
L-cysteine masses to 0 g, 1.44 g and 2.88 g, respectively. Detailed information on the
reagents and material characterization are shown in the Supplementary Materials (SM).
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2.2. MB Adsorption Experiments

A total of 1 g of MB was dissolved into 1 L of distilled water to obtain the MB reserve
solution (1 g L−1), and different concentrations of MB adsorption solutions were prepared
by diluting the MB reserve solution. As with typical MB adsorption experiments, a certain
mass of adsorbent was added to 50 mL of the MB solutions in conical bottles and oscillated
on a thermostatic oscillator at 120 r min−1. After oscillation, the supernatant liquid was
collected, and the concentration of residual MB solution was measured by using a UV-Vis
spectrophotometer at a wavelength of 664 nm [17,18]. The standard calibration curves of
the MB solutions were plotted with a high related coefficient R2 of 0.9993.

To evaluate the adsorption properties of different adsorbents, 4 mg of PCSs, N,S-PCSs-
1, N,S-PCSs-2 and N,S-PCSs-3 were added into 5 mg L−1 of MB solution and oscillated at
298 K for 16 h. To confirm the optimum mass of adsorbent for removal of MB, different
weights (5–15 mg) of N,S-PCSs-1 were added to 80 mg L−1 of MB solution and oscillated at
298 K for 16 h.

The experiments on the effect of time were carried out, ranging from 1 min to 24 h,
at 298 K, containing MB with initial concentrations of 80 mg L−1 and 8 mg of N,S-PCSs-1,
respectively. In order to explore the mechanism of the MB adsorption process, the pseudo-
second-order and the internal diffusion kinetic models were used to fit the adsorption
dynamics data, and the relevant equations were shown in the SM.

The initial MB concentration and temperature experiments were conducted with
initial MB concentrations from 10 to 400 mg L−1 at 298, 308, and 318 K, respectively. The
quality of N,S-PCSs-1 and contact time were set to 8 mg and 16 h, respectively. The
Langmuir and Freundlich isotherm models were used to simulate the MB adsorption, and
the thermodynamic parameters (ΔGθ, ΔHθ and ΔSθ) were also calculated based on the
isotherm data. The isotherms and thermodynamic equations are detailed in the SM.

The above-mentioned MB batch adsorption experiments were carried out as triplicate
independent samplings, and all the experimental data were displayed with average val-
ues with standard deviations (less than 5%) as error bars. The distinctions between the
experiment groups and the control group were tested for significance using a t-test at a
significant level of 0.05.

The adsorption rate (η, %) was calculated using Equation (1) (where C0 is the MB
concentration before adsorption, mg L−1, Ci is the MB concentration after adsorption,
mg L−1).

η =
C0 − Ci

C0
× 100% (1)

The adsorption quantity (Q, mg g−1) was calculated using Equation (2) (where V was
the volume of the MB solution, L, and m is the adsorbent quality, mg).

Q =
V(C 0 − Ci)

m
× 1000 (2)

3. Results and Discussion

The SEM images of PCSs, N,S-PCSs-1, N,S-PCSs-2 and N,S-PCSs-3 are shown in
Figure 1. The PCS sample synthesized without L-cysteine was composed of spheres with
diameters of about 300–400 nm (Figure 1a). As shown in Figure 1b, N,S-PCSs-1 was
composed of smooth microspheres with diameters of about 2–8 μm, which was larger than
PCS due to the addition of L-cysteine. As shown in Figure 1c, microspheres with lamellar
structures on their surfaces and blocks could be discovered in the N,S-PCSs-2 sample.
As a contrast, N,S-PCSs-3 with excess L-cysteine addition was composed of blocks with
inverse opal structures (Figure 1d). The TEM image of N,S-PCSs-1 (Figure S1) confirmed
its smooth surface and spherical morphology, corresponding to its SEM image (Figure 1b).
It was demonstrated that L-cysteine addition could gradually change the morphology of
the carbon material, from spheres to blocks.
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Figure 1. SEM images of (a) PCSs, (b) N,S-PCSs-1, (c) N,S-PCSs-2 and (d) N,S-PCSs-3.

Table 1 summarizes the elemental contents of N and S in N,S-PCSs-1, N,S-PCSs-2
and N,S-PCSs-3 samples according to the results of EDS analyses. Based on the elemental
analyses, the N atomic percentages of the N,S-PCSs-1, N,S-PCSs-2, and N,S-PCSs-3 samples
were 0.34 at%, 0.92 at%, and 1.57 at%, respectively. The S atomic percentages of the three
samples were 0.4 at%, 2.75 at%, and 3.3 at%, respectively. It was demonstrated that the N
and S elemental contents increased with the increasing quality of L-cysteine doping agent.

Table 1. Elemental contents of N,S-PCSs-1, N,S-PCSs-2 and N,S-PCSs-3.

Samples Type
Elemental Contents

N S

N,S-PCSs-1
Weight percentage 0.39 1.05

(Atomic percentage) −0.34 −0.4

N,S-PCSs-2
Weight percentage 0.98 6.7

(Atomic percentage) −0.92 −2.75

N,S-PCSs-3
Weight percentage 1.71 8.24

(Atomic percentage) −1.57 −3.3

XRD patterns of the four samples are shown in Figure 2a. The PCSs sample without N
and S only showed broad peaks, corresponding to the amorphous carbon [19]. N,S-PCSs-1
with proper N and S dopant exhibited a carbon phase (JCPDS#43-1104 and #50-1083). In
addition, the N,S-PCSs-2 and N,S-PCSs-3 with excess dopant exhibited additional carbon
phases (JCPDS#50-0927).

Based on the Raman spectra in Figure 2b, the PCSs, N,S-PCSs-1, N,S-PCSs-2, and N,S-
PCSs-3 samples exhibited two peaks at ~1580 cm−1 and ~1340 cm−1, which corresponded
to the characteristic sp2 peak (G peak) and a disordered peak (D peak), respectively. The
ID/IG values (R value) were calculated to evaluate their graphitization degree. The R
values of PCSs, N,S-PCSs-1, N,S-PCSs-2, and N,S-PCSs-3 were 1.12, 1.13, 1.15, and 1.28,
respectively. The R value increased with the increase in the quality of L-cysteine (as well as
increasing N/S contents), indicating the N and S dopant contributed to the decrease in the
graphite structure and the increase in defects [20,21].
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Figure 2. (a) XRD and (b) Raman spectra of PCSs, N,S-PCSs-1, N,S-PCSs-2 and N,S-PCSs-3.

According to the infrared spectroscopy of N,S-PCSs-1 (Figure S2), the peak at 1105 cm−1

referred to S=C vibration. The peak at 1383 cm−1 corresponded to -COOH and C-C stretch-
ing. The peak at 1627 cm−1 referred to -N=N, -O-NO2 and -C=C stretching. The peak at
3436 cm−1 referred to -NH and -OH stretching [22,23]. It was demonstrated that N,S-PCSs-1
possessed the oxygen/sulfur/nitrogen-containing functional groups.

The N2 adsorption/desorption curves and pore size distribution curve of N,S-PCSs-1
are shown in Figure 3. The adsorption/desorption curves exhibited a strong adsorption
capacity under a low relative pressure, indicating the adsorption mechanism of N,S-PCSs-1
micropores and monolayers (Figure 3a). The hysteresis loop demonstrated the mesopores
in N,S-PCSs-1 [24]. The pore size distribution of N,S-PCSs-1 indicated its pores were
mainly distributed in micropores (diameter less than 2 nm) and mesopores between 2–4 nm
(Figure 3b). As a contrast, the pores of N,S-PCSs-3 were mainly distributed in micropores
(Figure S3). In addition, the specific surface area and pore volume of N,S-PCSs-1 were
1769.41 m2 g−1 and 1.23 cm3 g−1, respectively. In contrast, N,S-PCSs-3 possessed a specific
surface area of ~1100 m2 g−1, which was much lower than N,S-PCSs-1. The excess L-
cysteine probably led to the reduction in the specific area. Such a hierarchical micro/meso-
porous structure of N,S-PCSs-1 could provide a more favorable micro-environment for
transporting paths for MB, capturing more contaminants via Van der Waals forces and
trapping them by physical/chemical barriers, which might endow its good adsorption
properties and could be a potential candidate for contaminant remediation [25–27].

 

Figure 3. (a) N2 adsorption/desorption curves and (b) pore size distribution curve of N,S-PCSs-1.

Factors such as different adsorbents, carbon amount, contact time, the MB initial
concentration, and temperature were used to explore the influence on MB adsorption
properties. The results are shown in Figure 4. The adsorption rates of the different carbon
materials were tested under the same adsorption conditions (Figure 4a). The PCSs, N,S-
PCSs-1, N,S-PCSs-2, and N,S-PCSs-3 exhibited adsorption rates of 97.24%, 99.64%, 96.16%,
and 92.94%, respectively. Obviously, N,S-PCSs-1 was the optimized carbon material.
According to the above characterization analysis, it could be concluded that N,S-PCSs-1
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had moderate N and S contents (compared to PCSs), as well as higher specific area and
pore structure (compared to N,S-PCSs-2 and N,S-PCSs-3). The adsorption performance
of PCSs was restricted by its low N and S. The adsorption performances of N,S-PCSs
with higher N and S contents were restricted by their low specific areas and unoptimized
pore structures, which might be why it has good MB adsorption performance. Hence, the
following research in this work is focused on N,S-PCSs-1.

 

Figure 4. (a) Adsorption rates of PCSs, N,S-PCSs-1, N,S-PCSs-2, and N,S-PCSs-3: influences of (b) car-
bon amount, (c) contact time on adsorption rate and quantity of MB by N,S-PCSs-1, (d) influences of
MB initial concentration and temperature on adsorption quantity of MB by N,S-PCSs-1.

The adsorption rate and quantity with different amounts of N,S-PCSs-1 were investi-
gated, as shown in Figure 4b. The adsorption rate increased from 69.60% to 84.27% with
a carbon amount increased from 5 to 8 mg. A total of 10 mg of N,S-PCSs-1 exhibited an
adsorption rate of 94.47%. The adsorption rate showed a minor growth from 99.96% to
100% when the carbon amount increased from 12 to 15 mg. With increasing N,S-PCSs-1
amounts, the adsorption rate increased by ~30%; on the other hand, adsorption quantity
was reduced by ~300 mg g−1.

The effect of contact time on the adsorption property of MB by N,S-PCSs-1 was
investigated (Figure 4c). With the adsorption time increasing from 1 to 120 min, the
adsorption rate and quantity exhibited a drastic increase. The adsorption rate increased
from 63.58% to 81.27%, and the adsorption quantity increased from 317.88 to 406.33 mg g−1.
With the adsorption time increasing from 120 to 180 min, the adsorption rate and quantity
exhibited a minor increase. The adsorption rate increased from 81.27% to 86.61%, and
the adsorption quantity increased from 406.33 to 433.03 mg g−1. With the adsorption
time exceeding 180 min, the adsorption rate was maintained at ~86%, and the adsorption
quantity was maintained at 433 mg g−1; hence, the adsorption equilibrium time of MB by
N,S-PCSs-1 could be 180 min.

The influences of MB initial concentration and temperature on the adsorption quantity
of MB by N,S-PCSs-1 were investigated, as shown in Figure 4d. At a temperature of
298 K, with the initial MB concentration being less than 60 mg L−1, the adsorption quantity
increased from 62.5 to 375 mg g−1. With the initial MB concentration increasing from 70
to 400 mg L−1, the adsorption quantity increased from 420.9 to 1318.5 mg g−1. With the
initial MB concentration increasing to 400 mg L−1, the adsorption quantity approach its
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highest value. This phenomenon might be attributed to the hierarchical porous structures,
because the MB adsorption of the micro-pores was faster than that of the meso-pores.
From Figure 4d, we can also see that the adsorption quantity increased with an increase
in temperature. The adsorption quantity exhibited a significant increase at 298 to 308 K,
nevertheless, there was a minor increase at 308 to 318 K, demonstrating that MB absorption
by N,S-PCSs-1 was an endothermic process [28,29].

Based on time-dependent adsorption data (see Figure 4c), the pseudo-second-order
and internal diffusion kinetics models were used to simulate MB adsorption by N,S-PCSs-1,
the results are shown in Figure 5a,b and Table 2. Based on the pseudo-second-order model
(Figure 5a), the calculated qe was 434.78 mg g−1, which was well in accordance with the
experimental value qexp (433.01 mg g−1). The calculated K2 was 0.00067, and the R2 was
0.9999. This manifested in the adsorption kinetics of MB by N,S-PCSs-1 being well described
by the pseudo-second-order model, and the adsorption process was chemisorptions with
all kinds of interactions, such as H-bond formations, electrostatic attractions, Van der
Waals forces, etc. [27,30]. Based on the internal diffusion model, the adsorption process was
divided into three stages (Figure 5b). Stage 1, 2 and 3 corresponded to the fast physisorption
by micro-pores, the chemisorption by the functional groups on the surfaces of the N,S-
PCSs-1 and the slow adsorption near equilibrium, respectively [12,31]. For all the tested
MB concentrations, the lines of the three stages did not go through the origin of coordinates,
suggesting that internal diffusion was not the sole rate-controlling step [31].

 

Figure 5. Experimental and fitted data of adsorption kinetics based on (a) pseudo-second-order
model and (b) internal diffusion model; experimental and fitted data of adsorption isotherms based
on the (c) Langmuir model and (d) the Freundlich model.
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Table 2. Fitted data of adsorption kinetics and isotherms.

(Model) Equation Fitted Parameter Fitted Equation

Adsorption kinetics

(Pseudo-second-order)
t

qt
= 1/k2q2

e+t/qe
x = t, y = t/qt

k2 0.00067

y = 0.0023x + 0.0079
qe (mg g−1) 434.78

qexp (mg g−1) 433.01

R2 0.9999

(Internal diffusion)
qt= kpt

1
2 +C

x = t1/2, y = qt

(Stage 1) kp 15.76
y = 15.756x + 299.18

(Stage 1) R2 0.9469

(Stage 2) kp 6.25
y = 6.2491x + 343.16

(Stage 2) R2 0.9446

(Stage 3) kp −0.011
y = −0.0106x + 433.24

(Stage 3) R2 0.9786

Adsorption isotherms

(Langmuir model)
Ce
qe

= 1
bqm

+ Ce
qm

x = Ce y = Ce/qe

qm (mg g−1) 909.10

y = 0.0011x + 0.0073b 0.15

R2 0.9410

(Freundlich model)
lgqe= lg k+ 1

n lgCe
x = lg Ce, y = lg qe

k 411.81

y = 0.1237x + 2.61471/n 0.12

R2 0.7720

The Langmuir and Freundlich isotherm models were used to simulate the MB ad-
sorption by N,S-PCSs-1, and the results are shown in Figure 5c,d and Table 2. The R2

of the Langmuir model was 0.9410, which was larger than that of the Freundlich model
(0.7720), indicating that the MB adsorption by N,S-PCSs-1 could be well described by the
Langmuir model [28,32]. This also demonstrated that MB molecules formed a homogenous
monolayer coverage on the surface of N,S-PCSs-1 [33]. Based on the Langmuir model,
the maximum adsorption quantity of MB by N,S-PCSs-1 was 909.10 mg g−1. Accord-
ing to the Freundlich model, 1/n was 0.12, indicating a good affinity between MB and
N,S-PCSs-1 [31].

Based on adsorption experiments at different temperatures (Figure 4d), ΔGθ and Kd
were obtained. A fitted linear relation between lnKd and 1/T was devoted to the calculation
of ΔHθ and ΔSθ (Figure S4). The results are shown in Table 3. The values of ΔGθ at 298, 308
and 318 K were less than 0, indicating that MB adsorption was a spontaneous process [34].
The absolute values of ΔGθ increased with increasing temperature, indicating that the
increase in temperature was a benefit to MB adsorption. The value of ΔHθ was higher than
0, indicating the MB adsorption was an endothermal process [35]. The value of ΔSθ was
larger than 0, suggesting the MB adsorption by N,S-PCSs-1 was a randomness process [36].

Table 3. ΔGθ, ΔHθ and ΔSθ data of MB adsorption by N,S-PCSs-1.

ΔHθ (kJ mol−1)
ΔSθ (kJ mol−1 k−1) ΔGθ (kJ mol−1)

298 K 308 K 318 K

5.57 19.76 −0.27 −0.61 −0.66

N,S-PCSs-1 after MB adsorption (N,S-PCSs-1/MB) showed a minor morphology
change, indicating its structural stability, which also showed that the adsorption of pores
via Van der Waals forces played an important role in MB adsorption (Figure S5) [25]. The
infrared spectroscopy and Raman spectroscopy of N,S-PCSs-1 after MB adsorption are
shown in Figure 6. The infrared spectroscopy indicated that all of the peaks have blue shift,
such as the S=C and C-C peak shifted from 1105 cm−1 and 1112 cm−1 to 1383 cm−1 and

12



Nanomaterials 2021, 11, 1819

1385 cm−1, respectively (Figure 6a). The blue shift could be attributed to the stress change
caused by MB adsorption. In addition, compared to other peaks, the intensity of C-C peak
exhibited an extra increase, which was attributed to the extra C-C bond introduced by
the adsorbed MB molecules. Moreover, the peaks of -NH and -OH for N,S-PCSs-1 also
migrated after MB adsorption, which suggested that the hydrogen bond could be involved
in MB adsorption [31]. Infrared spectrum analysis showed that the surface functional
groups of N,S-PCSs-1 participated in the adsorption of MB, which was consistent with the
results of kinetics [28,31]. The Raman spectrum indicated that the ID/IG of N,S-PCSs-1/MB
was 1.09, which was lower than that of N,S-PCSs-1 (1.13). This phenomenon could be
attributed to the increased sp3 carbon atom introduced by MB (Figure 6b).

 

Figure 6. Infrared spectroscopy of (a) N,S-PCSs-1/MB and (a) inset MB and (b) Raman spectrum of
N,S-PCSs-1/MB.

In order to further probe the adsorption mechanism of MB by N,S-PCSs-1, XPS tests
were carried out. The XPS spectra of N,S-PCSs-1 were shown in Figure 7. According to XPS,
the C, O, N and S contents of N,S-PCSs-1 were 89.45 at%, 6.7 at%, 2.97 at%, and 0.88 at%,
respectively. The C1s spectrum with a binding energy of ~284 eV was deconvoluted into
4 peaks centered at 283.9 eV, 285.3 eV, 286.8 eV, and 288.4 eV, corresponding to C=C/C–C,
C–O/C–N/C–S, C=O, and O–C=O, respectively [31,37]. The N1s spectrum at a binding
energy of 398–400 eV was deconvoluted into 3 peaks centered at 397.9 eV, 399.8 eV, and
401.4 eV, corresponding to pyridinic N, pyrrolic N, and graphitic N, respectively [24,37].
The S2p spectrum at a binding energy of ~163 eV was deconvoluted into 3 peaks centered
at 163.2 eV, 164.4 eV, and 166.7~168.0 eV, corresponding to C–S, C=S, and -SOx, respec-
tively [12,38]. The O1s spectrum at a binding energy of ~532 eV was deconvoluted into
3 peaks centered at 531.2 eV, 532.5 eV, and 533.5 eV, corresponding to C=O, C–OH, and C–
O–C, respectively [13,39]. According to the above XPS analysis, we can see that N,S-PCSs-1
had a π-π structure in its skeleton and the oxygen/sulfur/nitrogen-containing functional
groups on the surface, simultaneously, MB possessed aromatic rings in their structures.
Therefore, a π-π stacking interaction should be formed between N,S-PCSs-1 and MB [13].
In addition, the MB structure contained organic ammonium ions, and the N+ position
had the capacity to receive electrons (acting as a Lewis acid), while the N, S and O atoms
of N,S-PCSs-1 contained lone pair electrons, which could act as a Lewis base to donate
electrons. Thus, the Lewis acid–base interactions between N,S-PCSs-1 and MB could also
be beneficial to MB adsorption [12,13,40].
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Figure 7. N,S-PCSs-1 XPS spectrums of (a) C1s (b) N1s, (c) S2p and (d) O1s.

Therefore, according to the results of the above analysis, the MB adsorption mecha-
nism by N,S-PCSs-1 were proposed to the Van der Waals force adsorption, π-π stacking,
hydrogen bond and Lewis acid–base interaction, as shown in Figure 8.

 

Figure 8. Schematic illustration of the MB adsorption mechanism by N,S-PCSs-1.

4. Conclusions

In conclusion, a facile method was utilized to prepared N and S co-doped porous
carbon spheres (N,S-PCSs) using glucose and L-cysteine as the carbon precursor and het-
eroatom source. The as-prepared carbon material possessed good physical and chemical
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properties and was able to exhibit good properties for MB adsorption. The MB adsorption
onto the optimized N,S-PCSs-1 material was fitted to follow the pseudo-second-order
kinetic model and Langmuir isotherm model. The MB adsorption by N,S-PCSs-1 was
a monolayer chemisorption, and the maximum adsorption quantity of MB was as high
as 909.10 mg g−1. Thermodynamics calculation showed that the MB adsorption was a
spontaneous, endothermic, and random process. The mechanism for MB adsorption onto
N,S-PCSs-1 was proposed as the Van der Waals force adsorption, π-π stacking, hydro-
gen bond and Lewis acid–base interactions. We believe that N,S-PCSs-1 is a green and
sustainable adsorbent with good removal efficiency for the treatment of printing and
dyeing wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11071819/s1, Figure S1: TEM image of N,S-PCSS-1, Figure S2: Infrared spectroscopy
of N,S-PCSs-1, Figure S3: N2 adsorption/desorption curves and pore size distribution curve of
N,S-PCSs-3, Figure S4: Adsorption thermodynamics of MB by N,S-PCSs-1, Figure S5: SEM image of
N,S-PCSs-1/MB, Experimental Details.
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Abstract: Photochromic materials have attracted increasing attention. Here, we report a novel
photo-reversible color switching system based on oxygen-vacancy-engineered MoOx nanostructures
with water/N-methyl-2-pyrrolidone (NMP) as solvents. In this work, the system rapidly changed
from colorless to blue under UV irradiation (360–400 nm) and slowly recovered its colorless state
under visible light irradiation. The obtained oxygen vacancy-engineered MoOx nanostructures
exhibited good repeatability, chemical stability, and cycling stability. Upon UV light irradiation,
H+ was intercalated into layered MoOx nanostructures and the Mo6+ concentration in the HxMoOx

decreased, while the Mo5+ concentration increased and increased oxygen vacancies changed the
color to blue. Then, it recovered its original color slowly without UV light irradiation. What is more,
the system was highly sensitive to UV light even on cloudy days. Compared with other reported
photochromic materials, the system in this study has the advantage of facile preparation and provides
new insights for the development of photochromic materials without dyes.

Keywords: photochromic; MoOx nanostructures; UV light; color switching

1. Introduction

Materials that exhibit a change in their optical properties under the influence of either
an electric field or light are known as discoloration materials. These materials are of interest
in the realm of electrochromism and photochromism [1–4] and are of particular significance
in novel technologies, such as sensors, pregnancy tests, electrochromic and photochromic
displays, mirrors, and smart windows [5–7].

As an important semiconductor material, MoO3 shows strong localized surface plas-
mon resonance (LSPR) absorption, and the introduction of oxygen vacancies, aliovalent
ions, and hydrogen ions induces a notable color change, thus making it an ideal pho-
tochromic material [8–10].

MoOx (2 ≤ x ≤ 3) exists in different crystalline phases from MoO2 to MoO3. Pure
MoO3 can involve different polymorphs, namely a thermodynamically stable orthorhombic
phase (α-MoO3), hexagonal phase (h-MoO3), and metastable monoclinic crystal phase β-
MoO3 (similar to ReO3 type structure). In fact, all reported MoOx are basically constructed
in different ways based on the construction of MoO6 octahedra, which exhibit layered
structures, each layer connected by van der Waals force so that they can serve as hosts
for dopant intercalants [11,12]. For example, MoO3 exhibiting a low oxygen vacancy
concentration is white in color, whereas MoO3 with a high oxygen vacancy concentration
is often blue or dark blue in color [13]. This phenomenon can be explained through the
crystal rearrangements induced in the Mo−O units at the surface of the material during the

Nanomaterials 2021, 11, 3192. https://doi.org/10.3390/nano11123192 https://www.mdpi.com/journal/nanomaterials18
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reduction process, which results in a disordered surface structure containing many oxygen
vacancies, thus imparting enhanced visible light absorption. The chromogenic response
demonstrated by MoO3 demonstrates a stronger and more uniform absorption of visible
light in its colored state and displays an increased open-circuit memory in comparison
to the other transition-metal oxides [14]. MoO3 nanostructures of varying dimensions
have been successfully prepared, including one-dimensional nanobelts and nanowires,
alongside two-dimensional nanosheets [15–19]. However, only a limited number of studies
have reported on the preparation of zero-dimension MoO3 quantum dots (QDs), especially
with respect to their photochromic properties [20–22].

Top-down fabrication of layered nanostructures does not require harsh reaction condi-
tions, thus low-cost high-yield preparation of materials is available. Furthermore, nanos-
tructures prepared in this method do not develop an insulating ligand coating, which is
detrimental to the electrical conductivity [23]. The ligand coating also exhibits a high defect
concentration, which introduces many active edge sites for reactions [24]. The extent of
the photochromism and electrochromism expressed by MoO3 is dominated by hydrogen
radical intercalation or by electrochemical intercalation of lithium ions into the inter-layer
gaps formed as a result of the van der Waal bonding. To date, ion intercalation has been
proved to be the most effective method for increasing the free charge carrier concentrations
in 2D materials [25,26].

Successful liquid phase exfoliation (LPE) of a layered material relies on overcoming
the van der Waals forces between adjacent layers in the material [27–29]. This requires
either an initial increase in the layer–layer spacing, which is induced through intercalation
or by mixing with a solvent displaying equal surface tension properties [28,30]. During the
exfoliation process, the efficiency of the exfoliation is strongly influenced by the extent of
the similarity between the surface energy and Hansen solubility parameters (HSP) of the
solvent and the target material [28,31,32]. As a result, using an appropriate exfoliation sol-
vent can impart a significant change in the discoloration properties of MoO3. For example,
a change of the solvent can affect the extent of the water photo-oxidation process and H+

ion intercalation in molybdenum oxide (MoOx) nanoflakes upon solar light illumination.
Herein, we propose a top-down synthesis method for the fabrication of layered

nanostructures, using NMP/water as the exfoliation solvent, which is assisted by the
hydrothermal method. Initially, bulk MoO3 is exfoliated to form 2D MoOx nanoflakes in the
NMP/water system, followed by high-temperature degradation into smaller particles. The
photochromism of MoO3 can be briefly described as: in a MoO3-x nanostructures sample of
NMP/H2O mixed solvent, when ultraviolet light is irradiated on MoO3, the MoO3 on the
surface is excited to separate electrons and holes, during which NMP acts as a good hole
acceptor to help the separation of electrons and holes in this process, the separated holes
react with surrounding water molecules, and H+ is produced in that way. The intercalation
of H+ into MoO3 changed its crystal structure and reduced Mo+6, which resulted in the
appearance of plasmon absorption peaks and the change of color. The HxMoO3 produced in
the above process is generally considered to be an unstable metastable state. In the presence
of oxygen, it tends to spontaneously dehydrate to form the corresponding oxide, thereby
recovering the color. The as-obtained MoO3-x nanostructures were characterized, and
their optical and photochromic properties were evaluated. Particular samples displayed
excellent photochromic performance and cycle stability. The influence of reaction time on
nanostructures performance was also investigated in an attempt to validate their tunability
through a slight adjustment in experimental parameters.

2. Materials and Methods

MoO3 powder (99%), ethanol (99.5%), and N-methyl-2-pyrrolidone (NMP, 98%) were
obtained from Aladdin (Shanghai, China). Deionized water (18 MΩ) was used across
all experimental procedures, and all reagents were used as received, without further
purification.

Synthetic procedure:
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MoO3 powder (0.03 g) was added into 10 mL of solvent containing deionized water
and NMP in a 1:1 volume ratio (another sample used pure NMP as solvent). The mixture
was then treated using sonication for 10 min, before being transferred into a 20 mL Teflon-
lined stainless steel autoclave at 120 ◦C for 1, 3, 6, 12, 24, and 48 h to obtain samples
exhibiting varying properties. Subsequently, each sample was placed in a centrifugal
chamber at 12,000 rpm for 15 min and the supernatant was obtained from the samples.
Finally, each sample was irradiated under a solar simulator for varying periods of time to
obtain the MoO3-x nanostructures. Residual powder from the samples could be collected
and dried in a vacuum drying oven for reuse.

Characterization:
Transmission electron microscopy (TEM) images were taken using a JEOL JEM-2100

microscope at 200 kV (Tokyo, Japan). X-ray diffraction (XRD) patterns were recorded on
a D/MAX2500 X-ray diffractometer (Tokyo, Japan) using Cu Kα radiation (λ = 1.5418 Å).
The Fourier transform infrared-red (FTIR) spectroscopy was conducted on a Nicolet IS10
FT-IR spectrometer (Madison, WI, USA). X-ray photoelectron spectroscopy (XPS) was con-
ducted on a Thermo Scientific Escalab 250 Xi X-ray photoelectron spectrometer (Waltham,
MA, USA). The ultraviolet-visible absorption spectra were measured using a Thermo
Evolution 220 UV-vis spectrometer (Waltham, MA, USA). The fluorescence spectra were
measured using a HITACHI F-2700 fluorescence spectrophotometer (Tokyo, Japan). The
source of the artificial UV light was MICROSOLAR300 Xenon lamp of Perfectlight (Beijing,
China). The wavelength range was 320~780 nm. The power was 50 W, 19.6 W in visible
region, 2.6 W in ultraviolet region. Dynamic light scattering (DLS) (ZEN3600, Malvern
Instruments, Shanghai, China) was used to determine the size of nanoparticles. Raman
spectra (Renishawplc, inVia) were recorded at 532 nm (Gloucestershire, England). Light
transmittance was recorded by a FX2000 fiber spectrometer (Ideaoptics, Shanghai, China).

3. Results and Discussion

It is widely established that expanding the inter-layer spacing of layered materials
through intercalation will weaken the van der Waals interactions between the layers.
Previously published reports have revealed ion intercalation to be the most effective method
for increasing the free charge carrier concentrations in 2D materials to induce plasmon
resonance in the visible and near-infrared (NIR) regions [19]. Free electron concentration
in MoOx can be significantly increased by the introduction of oxygen vacancies through
H+ ion intercalation into the inter-layers inherent to this material. Herein, intercalated H+

ions were used to induce an expansion of the inter-layer space, thereby increasing the free
electron concentration through the introduction of oxygen vacancies [27].

N-methyl-2-pyrrolidone (NMP) was introduced as an exfoliation solvent. During the
exfoliation process, the extent of the similarity between the HSP and the surface energy of
the solvent and the target material strongly influences the efficiency of the exfoliation [19].
As a result, the choice of exfoliation solvent plays a considerable role in determining
the plasmonic properties of MoOx nanoparticles. Furthermore, a change of the solvent
can affect the degree of the photo-oxidation of water and H+ ion intercalation in MoOx
nanoparticles upon solar light illumination. To characterize photochromic properties of
MoOx nanostructures, the samples were exposed to UV light for varying periods of time
and their absorption response to the irradiation was recorded. The gathered visible absorp-
tion spectra underwent various changes, the results of which are provided in Figure 1.
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Figure 1. (a) The absorption spectra and (b) photos of MoO3-x nanostructures irradiated by ultraviolet
light for 180 s. (c) The absorption spectra of MoO3-x nanostructures in the range of UV-Vis light.

In the case of the sample that was not exposed to UV light, the spectrum indicated
that it exhibited a light yellow coloration, while there was no absorption peak observed in
the visible light wavelength range. Upon exposure to UV light, the sample demonstrated
a gradual darkening in color, the color change is reflected in its UV-visible absorption
spectrum (Figure 1a), changing from light blue to dark blue to black (Figure 1b). As
the exposure time increased, 600 nm broad absorption peaks gradually appeared in the
<1000 nm range, while two further peaks were observed at approximately 700 and 800 nm.
The appearance of the absorption peaks suggests that the MoO3-x nanostructures possessed
strong LSPR performance. MoO3-x nanostructures had a strong absorption peak in UV
range shown in Figure 1c.

The results of this study suggest that photo-excitation induces competing solvent and
water oxidation processes, resulting in a reduction in H+ intercalation. NMP forms an
aprotic solvent, in which the molecules of the solvent are not hydrogen bonded to one
another, meanwhile the photo-oxidation of NMP is weak. Therefore, in the NMP/H2O
system, water is photo-oxidized under ultraviolet light instead of NMP and H+ produced
in this process is intercalated into MoO3. On the other hand, NMP is provided with the
highest proton affinity (∼920 kJ mol−1) [20] and lowest proton dissociation rate, which
induces a higher degree of H+ intercalation in NMP in comparison to other solvents [27].

The mechanism of ultraviolet (UV) light irradiation is summarized below [33], *
represent the excited state:

MoO3 + hv → MoO3* + h+ + e− (1)

2h+ + H2O → 2H+ + 1/2O2 (2)

MoO3 + XH+ +Xe− → HXMoO3-x (3)

Throughout the photo-oxidation process, H2O provides a source of hydrogen ions,
while NMP performs the role of a hole trapping acceptor, which can promote the separation
of electrons and holes, thus speeding up the reaction process. This promotion induces an
increase of migration of hydrogen ions in the system.

Small particles, including nanostructures, were detached from the rough MoO3 par-
ticles, as shown in Figure 2. To further explore the structure characteristics, the XRD
(Figure 2a) was carried out to obtain the crystalline phase of MoOx nanostructures. Sharp
diffraction peaks located in the range of 20◦–30◦, representing α-MoO3, became wide in
MoOx nanostructures, indicating that an amorphous structure was formed. In Figure 2b,
IR bands occurring in the range of 962 cm−1 to 835 cm−1 were Mo=O bond stretching
vibration and Mo-O-Mo bond stretching vibration, which prove that the obtained nanos-
tructure was molybdenum oxide [20]. DLS in Figure 2c shows the nanostructures had
an average size of 30 nm, which contradicted most of our TEM images—the increase of
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statistical size could be attributed to the aggregation of small particles. In Figure 2d,e, the
core level spectra of Mo3d in HxMoO3 nanostructures were introduced. The double peaks
at 235.6 eV and 232.2 eV corresponded to the binding energy of 3d5/2 and 3d3/2 orbital
electrons of Mo6+, while 234.3 eV and the double peaks at 231.2 eV represented the binding
energy of the 3d5/2 and 3d3/2 orbital electrons of Mo5+. It is obvious that after ultraviolet
light irradiation, the Mo6+ content in the HxMoO3 nanostructures decreased and the Mo5+

content increased, which indicates that the nanostructures underwent surface structure
reconstruction, and the concentration of oxygen vacancies increased, accompanied by a
decrease in the valence state of molybdenum.

Figure 2. (a) XRD pattern of MoO3-x nanostructures and photographs of α-MoO3 powder and MoO3-x nanostructures
powder (inset image). (b) FTIR spectra of MoO3-x nanostructures with and without UV. (c) DLS spectrum of MoO3-x

nanostructures. (d) Mo 3d core level spectra of MoO3-x nanostructures without UV excitation and (e) Mo 3d core level
spectra of MoO3-x nanostructures without UV excitation. (f) Raman spectra of MoO3 and MoO3-x nanostructure. (g) TEM
images of MoO3-x nanostructures without ultraviolet light irradiation and (h) irradiated by ultraviolet light.

The Raman spectra of the MoO3-x structure were also investigated (Figure 2f) be-
fore and after illumination, the 280 cm−1 represented the wagging mode of the double
bond O=Mo=O, the peaks at 664 cm−1 and 820 cm−1 could be assigned to the stretching
modes of the triple coordinated oxygen (Mo3-O), and the doubly coordinated oxygen
(Mo2-O), respectively, the 335 cm−1 was assigned to the Mo3-O bending mode. For the
samples of MoO3-x structure after illumination, traces of MoO3-x were also identified by
two additional peaks 430 cm−1 and 750 cm−1 due to the modification of original Mo2-O
bond [33]. From Raman analysis, the existence of some substoichiometry in the MoO3-x
structure can be possibly due to the intercalation of H+ from the solvent and increase
of oxygen vacancy in the presence of significant heat and force generated during the
solvothermal process [19,20,33,34]. After centrifugation, the resultant MoO3-x nanostruc-
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tures were observed using transmission electron microscopy (TEM). The TEM images of
the MoO3-x nanostructures are illustrated in Figure 2g,h, revealing an average diameter of
approximately several nanometers.

Concerning samples using pure NMP as solvent, these exhibited quite different optical
behavior (Figure 3a). The nanostructures had fluorescent peaks at 450 nm under 360 nm
excitation light. In addition, the absorption peaks in the range of 700–900 nm had no
response to irradiation, while at the same time, the color of the samples was constant.
Figure 3b,c are TEM images of samples using pure NMP as solvent. This behavior may be
attributed to the different formation mechanisms of nanostructures in water/NMP and pure
NMP solvents. In the water/NMP mixed solvent, water may have combined with holes
generated through light excitation to produce H+, which is related to the H+ intercalation
mechanism. As there was no H+ production in the NMP solvent, the photo-corrosion
mechanism explains the behavior of this system more accurately. The oxidation strength
of NMP is limited, and the photo-generated holes cannot be consumed quickly. Owing to
their strong oxidizing ability, vacancy accumulation after continuous light excitation may
corrode the lattice structure of MoO3. This is known as photo-corrosion and most often
occurs in semiconductor materials used in light-related applications [20,27].

Figure 3. (a) UV-visible absorption spectra, photoluminescent spectra, and photographs before (I),
during (III), and after UV irradiation (II). (b,c) TEM images of MoO3 QDs with pure NMP as solvent.

In this study, the number of oxygen vacancies present in the MoO3-x nanostructures
was influenced by the length of the reaction time. Herein, we prepared a series of MoO3-x
nanostructures exhibiting varying photochromic behaviors to analyze and compare their
UV-visible absorption spectra.

Figure 4a–f are the UV-visible absorption spectra generated by the MoO3-x nanostruc-
ture samples, which underwent varying reaction times of 1, 3, 6, 12, 24, and 48 h. Each
sample underwent UV irradiation for 5 min, which facilitated an accurate analysis of the
absorption effects demonstrated in the sample solely as a function of the reaction time. As
the reaction time increased, a gradual reduction in the peak intensity was confirmed; that
is, the sensitivity to UV light decreased. A photograph of the color gradation exhibited by
the MoO3-x nanostructures was performed in Figure 4g, samples underwent the reaction
for 1, 12, and 48 h before UV irradiation for 300 s.
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Figure 4. (a–f) The absorption spectrum for the MoO3-x nanostructure underwent varying reaction
times of 1, 3, 6, 12, 24, and 48 h, and origin samples were irradiated for 5 min by Xenon lamp to create
UV samples. (g) Photographs of MoO3-x nanostructures irradiated by Xenon lamp for 300 s.

We speculated that the reaction proceeded rapidly under hydrothermal conditions.
Upon completion of the intercalation reaction, and as the reaction time increased, NMP
played a significant role in controlling the size and morphology of the nanostructures.
In this case, the absorption energy was greater than the forbidden band gap. Since the
generated electron–hole pairs could not be completely consumed, the highly oxidizing
holes oxidized the crystal of MoO3, thus disrupting the lattice structure.

As oxygen exhibits a significant larger electronegativity than hydrogen, the majority
of binary metal oxides show higher stability than their corresponding hydrides [30,35].
The hydrogenation process in this article was used to facilitate molybdenum oxide to form
unstable HxMoO3 by ultraviolet light irradiation. This switching of the crystal structure
induced a change in the optical and electrical properties of the material. The original α-
MoO3 was a semiconductor with a band gap of 3.2 eV. The charge induced upon irradiation
was transferred from the newly formed Mo5+ state to the adjacent Mo6+ state, and HXMoO3
appeared blue. HXMoO3 adopts a metastable state and will spontaneously be oxidized to
the corresponding oxide [36]. Under high temperatures, it can accelerate the spontaneous
reduction process [37].

The MoO3-x nanostructure samples prepared in this study were light yellow in color
prior to UV light irradiation. Upon irradiation by sunlight or UV light, the structure of
the MoO3-x nanostructures changed in accordance with the element valence state, and a
corresponding color change at the surface was observed. From the initial light yellow color,
it turned light blue, before changing to dark blue through to black, where LSPR absorption
peaks appeared in the visible light wavelength range of the absorption spectrum. This was
a reversible process. When an irradiated sample was placed in an environment without UV
light, its color returned to its initial light yellow slowly. Temperature imparts a considerable
effect on the color change recovery process. When the dark sample was heated to 80 ◦C,
the recovery rate increased, and the total recovery time was significantly reduced to the
order of minutes.

To explore the effect of synthesis time on the photochromic behavior of MoO3-x
nanostructures, the reaction temperature was set at 120 ◦C and MoO3-x nanostructures
subjected to various reaction times were obtained. Their photochromic properties were
analyzed by UV-visible absorption spectroscopy. The various samples were subjected to
the same experimental conditions and the discoloration–recovery line chart is illustrated
in Figure 5a,b. It could be concluded from Figure 5a that, as the reaction time increased,
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the UV-visible absorption peak intensity reduced and the sample became less sensitive
to UV light. As previously discussed, this may be attributable to the different formation
mechanisms exhibited by nanostructures formed in mixed water/NMP and single NMP
solvent systems [20,27,38]. The trend was completely reversed when we investigated the
color restoration of MoO3-x nanostructure samples (Figure 5b). Samples prepared under a
long reaction time formed a HxMoO3 metastable structure and brought about an increased
rate of dehydration and reduction. This is attributed to the smaller ion size and greater
number of surface sites displayed by nanostructures obtained under a longer reaction time,
which are beneficial for embedding, separating hydrogen, and decomposing metastable
HxMoO3 [36,37]. Some factors that impacted the recovery process, such as temperature
and oxygen, are shown in Figure 5c,d. Briefly, high temperature and oxygen can accelerate
the recovery process. During that process, the HxMoO3 with oxygen vacancy is oxidized
and hydrogen atoms are taken away by surrounding oxygen, accompanied by a reduction
in the oxygen vacancy [34,39].

Figure 5. (a) The absorption peaks of MoO3-x nanostructures under UV 10 min of UV irradiation
using a Xenon lamp, samples were obtained at different reaction times. (b) The self-recovery rate of
MoO3-x nanostructures obtained at different reaction times after 10 min of UV irradiation using a
Xenon lamp. The recovery rate is defined as the ratio of the amount of absorption intensity recovered
to the absorption intensity before recovery. (c) The effect of heating on photochromism of MoO3-x

nanostructures. Origin sample was irradiated for 10 min to create a UV sample, then the UV sample
was divided to two parts, treated with and without 20 min heating, marked as UV-heating and
UV-control. (d) The effect of oxygen on photochromism of MoO3-x nanostructures—the UV sample
was obtained via irradiation for 10 min and samples treated with O2, N2, and air were marked as
UV-O2, UV-N2, and UV-control, respectively.

In Figure 6a, a fiber optic spectrometer was used to evaluate and characterize the light
transmittance of the nanostructures. The variation in the light transmittance was recorded
in 100 ms intervals throughout the test. It is clear that the light intensity decreased gradually
as the UV illumination time increased from 0 to 60 s in the 700–800 nm wavelength
range. This suggests that the light absorption capacity of the sample increased in this
wavelength band, which corresponded to an increase in the peak value recorded in UV-
visible absorption spectrum. The cycle performance test was used to characterize the
photochromic stability of MoO3-x nanostructures. The obtained MoO3-x nanostructure
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solution was irradiated under a solar simulator for 5 min. The UV-visible absorption
spectrum was recorded at this point, and the sample was then stored in an environment
without UV light. Upon completion of the recovery period, the UV-visible absorption
spectrum was recorded again. The test was repeated for 20 times, as shown in Figure 6b.
Photographs of samples after exposure to bright sunlight, as well as also cloudy conditions,
for 0, 5, and 15 min were used as controls (Figure 6c). It was observed that the MoO3-x
nanostructure samples exhibited a strong discoloration effect, even when placed in an
environment of low UV irradiation conditions, demonstrating that this material provides
considerable potential for practical applications.

Figure 6. (a) Spectra of the Fiber Optic spectrometer. (b) Cycle stability test. (c) Discoloration
performance of MoO3-x nanostructures in sunny weather (I) and cloudy weather (II).

4. Conclusions

In summary, oxygen-vacancy-engineered MoOx nanostructures were fabricated by
a modified top-down method combining intercalation and the solvent–thermal method.
In the case of the mixed solvent system of water/NMP, water was introduced to produce
H+ through photo-oxidation to facilitate intercalation into MoOx exhibiting a layered
structure. An increase in proton intercalation and oxygen vacancy in molybdenum oxide
nanostructures resulted in a significant increase in their free electron concentrations and
changes in their substoichiometry displayed intense LSPR in the visible light region. In
the presence of oxygen, the hydrogen atoms were taken away combined with oxygen,
and metastable HXMoO3 were oxidized, accompanied by a reduction of LSPR and color
restoration. A series of MoOx nanostructures exhibiting consistent photochromic behavior
were prepared through control of the reaction time and temperature. The synthesized
samples exhibited excellent photochromic properties and cycle stability. In this context,
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our oxygen-vacancy-engineered MoOx nanostructures provide an important stimulus to
the development of practical photochromic materials

5. Patents

There is a Chinese patent 202110009536.X resulting from the work reported in
this manuscript.
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Abstract: A porous ball-flower-like Co3O4/Fe2O3 heterostructural photocatalyst was synthesized
via a facile metal–organic-framework-templated method, and showed an excellent degradation
performance in the model molecule rhodamine B under visible light irradiation. This enhanced
photocatalytic activity can be attributed to abundant photo-generated holes and hydroxyl radi-
cals, and the combined effects involving a porous structure, strong visible-light absorption, and
improved interfacial charge separation. It is notable that the ecotoxicity of the treated reaction solu-
tion was also evaluated, confirming that an as-synthesized Co3O4/Fe2O3 catalyst could afford the
sunlight-driven long-term recyclable degradation of dye-contaminated wastewater into non-toxic
and colorless wastewater.

Keywords: MOF derivative; cobalt oxide; iron oxide; hierarchical heterostructure; photocatalysis

1. Introduction

Various pollutants in water environments can directly cause serious harm to the lives
and health of human beings, animals and plants. Organic dyes, for example rhodamine
B (RhB), methylene blue and methyl orange, as one of the most common industrial pollu-
tion sources at present, have attracted tremendous attention because of their geno- and
ecotoxicity [1–6]. Therefore, the development of water treatment technologies regarding
dye degradation has become a top priority. Among various methods, photocatalysis is
recognized as one green and efficient alternative for organic pollutant degradation, where
its key issue lies in the facile preparation of highly active and stable photocatalysts [7–10].

As one of the most promising multi-functional materials, metal–organic frameworks
(MOFs) are often considered to be novel photocatalysts due to their abundant and editable
active sites and large surface area. However, some of their defects, such as poor light
absorption and metal ion leaching due to an unstable structure, may seriously limit their
practical applications [11–13]. In order to solve these problems, in this study, a flower-like
cobalt 2,5-thiophenedicarboxylic coordination polymer (Co-TDC) was used as a template
to synthesize a novel Co3O4/Fe2O3 heterostructural photocatalyst with improved light
harvesting and photocatalytic performance. The facile preparation, structural versatility,
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and superior dye degradation performance of this Co3O4/Fe2O3 heterostructure provides
new inspirations for the development of higher-performance photocatalysts towards water
environment remediation.

2. Materials and Methods

2.1. Synthesis of Ball-Flower-like Porous Co3O4/Fe2O3 Heterostructure

Briefly, 0.1 g of Co-TDC (Sinopharm Group Co., Ltd., Shanghai, China) and 0.0482 g
of FeCl3·6H2O (Sinopharm Group Co., Ltd., Shanghai, China) were added into 5 mL of
deionized water. After 30 min of ultrasonic treatment, the mixture was dried at 60 ◦C
for 12 h. Afterwards, the obtained powder was calcined at 550 ◦C for 2 h. The final
Co3O4/Fe2O3 product is denoted as CF in this work for convenience.

2.2. Characterization

The chemical composition and phase structure of samples were analyzed by X-ray
powder diffraction (XRD, SmartLab® by Rigaku, Tokyo, Japan). The morphology was
recorded using field-emission scanning electron microscopy (SEM, JSM-7800F by JEOL,
Japan) and transmission electron microscopy (TEM, JEM-2100F by JEOL, Japan). X-ray
photoelectron spectroscopy (XPS, EscaLab 250Xi by Thermo Fisher Scientific, Waltham, MA,
USA) was performed to investigate element distribution and valence states. The magnetism
and optical properties of samples were studied using vibrating sample magnetometer
(VSM, LakeShore7404 by Quantum Design, San Diego, CA, USA) and diffuse-reflection
spectroscopy (DRS, Cary-5000 by Agilent, Santa Clara, CA, USA).

2.3. Photocatalysis Measurements

The adsorption and photocatalysis processes of as-prepared catalysts were evaluated
by the degradation of RhB in an aqueous solution under visible light irradiation at room
temperature (ca. 25 ◦C). A 500 W xenon lamp with a cut-off filter (λ > 420 nm) was used
to generate visible light. Amounts of 0.1 g of catalyst powder and 50 mL RhB aqueous
solution (initial solution pH ≈ 4) were added to a 100 mL quartz tube and continuously
stirred during the degradation experiment. Before irradiation, the reaction solution was
magnetically stirred in the dark for 30 min to reach complete adsorption/desorption
equilibrium. During the photocatalytic experiment, 5 mL reaction solution was extracted
every 10 min, and the concentration of residual RhB was determined by measuring its
absorbance at 590 nm on a UV-visible spectrometer (UV-3600i Plus by Shimadzu, Kyoto,
Japan). The 5 mL solution was added back into the reaction solution after measurement.

3. Results and Discussion

The chemical composition and crystal structure of CF were analyzed by XRD. As
shown in Figure 1a, the characteristic diffraction peaks located at 19.1◦, 31.2◦, 36.8◦, 44.7◦,
59.1◦, and 65.1◦ could be attributed to Co3O4 (PDF#42-1467), while the other peaks at
35.6◦ and 62.9◦ could be assigned to Fe2O3 (PDF#39-1346), indicating that the as-prepared
sample was composed of Co3O4 and Fe2O3. The chemical states of the sample surface
were further analyzed by XPS. Considering the sample preparation method, only cobalt
element was studied emphatically. In Co 2p spectra (Figure 1b), the asymmetric peaks at
around 780.7 eV and 796.8 eV, and shake-up type satellite peaks at 785.8 eV and 802.3 eV of
Co-TDC, could be well-indexed to Co2+, implying that cobalt in Co-TDC was only in the
form of Co (II). On the other hand, for CF, two new peaks could be identified at around
779.4 eV and 794.3 eV, which were both ascribed to Co3+ [14–18]. This revealed that Co2+ in
Co-TDC was partially oxidized to Co3+ during calcination, and thus Co3O4 was obtained
as a result. Meanwhile, Fe 2p spectrum of CF was also recorded, as shown in Figure S1. It
was revealed that Fe3+ ions were still dominant, which corresponded to the Fe2O3 phase.
However, the minor peak at around 732.2 eV suggests that a little Fe3+ was reduced to Fe2+

along with the oxidation of Co2+ to Co3+ [19–23].
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Figure 1. XRD pattern (a) and Co 2p XPS spectra (b) of as-synthesized CF catalyst.

SEM images of the CF heterostructure are shown in Figure 2a–c. It can be observed
from Figure 2a,b that CF has a regular ball-flower-like morphology with a spherical size
ranged at 10–20 μm, which was retained from the Co-TDC template, as shown in Figure S2
of the Supplementary Materials. It is worth noting that the sheet-like fundamental units of
Co3O4 in CF became much more porous after calcination, with large numbers of ~200 nm
Fe2O3 nanoparticles (Figure S3) embedded within the pores, as indicated by the yellow
arrows in Figure 2c, which facilitate the adsorption and degradation of dye molecules on
the surface. Moreover, the elemental mapping profiles in Figure S4 also help to verify that
the distribution of Fe2O3 within highly porous Co3O4 is uniform while it is random. In
order to further determine the chemical composition of the synthesized catalyst, HRTEM
image was also recorded, as shown in Figure 2d. The identified two lattice fringes with an
interval of 0.25 and 0.20 nm could be indexed to the (311) facet of Fe2O3 and (400) facet of
Co3O4, respectively, which is in good agreement with the XRD result.

The degradation efficiencies of different samples for RhB are displayed in Figure 3a.
When the catalyst was not present in the solution, RhB could hardly undergo self-degradation
under visible light (i.e., black plots). The reaction solution was first stirred in the dark
for 30 min for the catalyst–RhB interface to reach the adsorption/desorption equilibrium.
Typically, the contribution of RhB removal by adsorption is lower than 20%, which is in
proportion to the surface area of the catalyst. In photocatalysis systems, CF demonstrated a
superior performance than Co-TDC and Fe2O3, indicating that CF possesses the highest
photocatalytic activity. This could be explained by the following aspects: (i) The highly
porous structure of CF provided abundant active sites, as revealed in Figure 2b,c [24–26];
(ii) The p-n heterojunction that formed between Fe2O3 and Co3O4 could promote the
separation of photo-generated electron and hole pairs [27–30]. The promoted charge
separation, and thus the inhibited charge recombination, was witnessed by the significantly
decreased photoluminescence (PL) intensity of CF composites compared to pristine Fe2O3
particles, as displayed in Figure S5 of the Supplementary Materials [31–38]. The variation
in the RhB degradation efficiency of CF in different pH conditions is presented in Figure 3b,
suggesting that the catalyst could maintain a superior photocatalytic degradation activity
in the pH range of 4–10, despite the fact that the degradation rate decreased to a certain
extent in a strong acid environment (pH ≤ 2). This may be due to the dissolving of oxides
by strong acid, resulting in a loss of active material in the CF catalyst for the degradation of
RhB. However, considering that the actual surface water or groundwater is mostly weakly
acidic or weakly alkaline, the CF catalyst is still applicable to the oxidative degradation of
organic pollutants in natural water bodies.
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Figure 2. Representative SEM images (a–c), and HRTEM image (d) of the CF catalyst.

Figure 3. (a) RhB degradation efficiencies of different samples; (b) the effect of pH of reaction solution;
(c) VSM curve of CF; (d) recyclability of CF photocatalyst for RhB degradation.

The service life of a catalyst is an important technical indicator for evaluating its
potential for practical usage. After the reaction, the catalyst in the solution could be easily
and quickly separated due to its magnetism, as revealed in Figure 3c. Then, the recycled
CF catalyst was rinsed with ethanol solution to remove the residual organics on the surface.
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Afterwards, it could be reused for RhB removal under the same conditions, as presented in
Figure 3d. An excellent degradation efficiency of >86% was achieved after the CF catalyst
was recycled and reused for five cycles, which maintained about 97% efficiency of the initial
cycle (i.e., ~89.1%), confirming the recyclability of CF for long-term dye degradation in
practical wastewater treatment.

Figure 4a displays the optical absorption of samples. It is observed that the absorption
of Co-TDC is far lower than CF in the visible-light band. The CF catalyst maintains a
superior absorption in the range of 550–750 nm, suggesting its capability for a visible-light-
driven photocatalytic reaction. In addition, the threshold wavelengths of Co-TDC and
CF are determined to be 619 nm and 685 nm, respectively. The corresponding bandgap
and conduction band (CB)/valence band (VB) position can be calculated according to the
following formulas [39–41]:

Eg = 1240/λg, (1)

χ(S) = N
√

χn
1 χs

2 . . . χ
p
n−1χ

q
n, (2)

ECB = χ(S)− Ee − 1
2

Eg, (3)

EVB = ECB + Eg, (4)

where Eg, λg, Ee, ECB, and EVB represent the bandgap, threshold wavelength, energy of free
electrons on the hydrogen scale (~4.5 eV), and the CB and VB position, respectively. The
values χ, n, and N represent the electronegativity of the constituent atom, number of species,
and total number of atoms in the compound, respectively. The calculated Eg of Co-TDC and
CF are 1.72 eV and 1.57 eV, indicating that the CF hybrid possesses a narrower bandgap,
and thus requires less excitation energy. Thereby, Figure 4b depicts the photocatalytic
mechanism of CF under visible light illumination. The photo-generated electrons in
CB cannot reduce O2 to ·O2

− because the ECB of Co3O4 and Fe2O3 are more positive
than E(O2/·O2

−) (−0.33 V vs. NHE), while the photo-generated holes are capable of
oxidizing OH− to hydroxyl radicals (·OH) as the EVB of Co3O4 and Fe2O3 are more negative
than E(·OH/OH−) (1.97 V vs. NHE) [42–44]. In order to further verify this perception,
quenching experiments were carried out using tert-butyl alcohol (TBA), ammonium oxalate
(AO) and L-ascorbic acid (L-AA) to quench the ·OH, photo-generated holes and ·O2

−,
respectively [45,46]. It can be observed from Figure S6 that the degradation efficiency of
RhB clearly decreases in presence of TBA and AO. Therefore, it can be deduced that the
main reactive species involved in the photocatalytic reaction are photo-generated holes and
hydroxyl radicals (·OH), which consequently degrade RhB molecules to colorless small
molecules.

 
Figure 4. (a) Tauc plots, i.e., plots of (αhν)0.5 vs. photon energy (hν), derived from diffuse-reflectance
spectra of the Co-TDC and CF samples; (b) Band alignment and photocatalytic mechanism of the CF
heterojunction under visible light illumination.
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In order to evaluate the ecological toxicity of the RhB solution before and after treat-
ment, Chlorella vulgaris (FACHB-8) was used as the model aquatic organism being tested,
and the toxicity of the residual RhB after the photocatalytic reaction was assessed according
to its growth inhibition rate to C. vulgaris. A detailed experimental method for algae density
measurement is presented in the Supplementary Materials, which could be referred to as
the standard GBT 21805-2008 [47]. As exhibited in Figure 5, the growth of C. vulgaris was
significantly suppressed in the original RhB solution, and the inhibition rate doubled as
time increases. In contrast, C. vulgaris could grow normally in the solution after reaction,
and the remaining intermediate and final products showed a neglectable influence within
24 h. Even when the incubation time was extended to 96 h, the growth inhibition rate was
still about 1%, which is only 15.6% of the original RhB solution. This demonstrates that
the CF catalyst can effectively degrade and mineralize RhB molecules to nearly non-toxic
products.

 
Figure 5. Time-dependent growth inhibition rates of C. vulgaris in different solutions.

4. Conclusions

In summary, a highly active and stable Co3O4/Fe2O3 heterostructural photocatalyst
was prepared by a facile MOF-templated method, with its structure, morphology and
optical properties verified by XRD, XPS, SEM and UV-visible DRS methodology. The
results indicate that the CF catalyst showed a strong visible-light absorption and high
photocatalytic activity towards RhB degradation. By calculating the CB and VB position,
it could be inferred that hydroxyl radicals and photo-generated holes were the dominant
active species in the reaction. Furthermore, the 96 h growth inhibition rate of C. vulgaris
by the treated RhB solution was 84.4% lower than the original solution, confirming the
potential of the CF photocatalyst for the sunlight-driven long-term degradation of dye
molecules into non-toxic and colorless ones.

Supplementary Materials: The followings are available online at https://www.mdpi.com/article/
10.3390/nano12060904/s1, Figure S1: Fe 2p XPS spectrum of as-synthesized CF catalyst, Figure S2:
SEM images of pure Co-TDC at different magnifications, Figure S3: SEM images of pure Fe2O3 at
different magnifications, Figure S4: Elemental mapping profiles of as-synthesized CF catalyst: (a) O
Kα1, (b) Co Kα1, (c) Fe Kα1, Figure S5: PL spectra of CF catalyst comparing with pure Fe2O3 at
excitation wavelength of 355 nm, Figure S6: Photocatalytic degradation efficiency of RhB with and
without quenching agent, Figure S7: Photocatalytic degradation efficiency of RhB by as-synthesized
CF catalyst comparing with commercial Degussa/Evonik P25-TiO2 catalyst, Figure S8: Photocatalytic
degradation efficiency of RhB by CF over a prolonged period of time; Experimental biota for toxicity
test and algae density measurement.
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Abstract: Hollow carbon nanocapsules have been attracting growing interest due to their fascinating
characteristics and extensive potential applications. In this work, a novel natural halloysite-templated
synthesis approach for highly graphitic boron-doped hollow carbon nanocapsule webs (B-HCNCWs)
using glucose as the carbon source and boric acid as the heteroatom dopant was first reported. The
formation process and physicochemical properties of B-HCNCWs were revealed by SEM, TEM, XRD,
Raman, Brunauer–Emmett–Teller (BET), and XPS characterization techniques. The outcomes showed
that the as-obtained B-HCNCWs with hollow nanocapsule network architecture had a specific surface
area of 263 m2 g−1, a pore volume of 0.8 cm3 g−1, a high degree of graphitization (81.4%), graphite-
like interplanar spacing (0.3370 nm), and B-containing functional groups (0.77 at%). The density
function theory (DFT) calculation demonstrated that the adsorption energies of Li on B-HCNCWs
were much higher than that of HCNCWs, which proved that B-doping in a carbon matrix could
increase the lithium intercalation capacity.

Keywords: halloysite; carbon nanocapsule; hollow structure; boron doping; DFT calculation

1. Introduction

In recent years, the design and synthesis of hollow carbon nanocapsules have aroused
more and more interest due to their fascinating characteristics such as large surface area,
abundant porosity, high encapsulation ability, low density, enhanced permeability, good
conductivity, and excellent thermal and chemical stability [1,2]. Generally speaking, the
template method (hard and soft template) is identified as a conventional and high-efficiency
approach to fabricating these hollow carbon nanostructures with well-controlled morphol-
ogy. Previous studies have involved a great variety of templates, such as the SBA-15, AAO,
metal-organic frameworks (MOF), F127, and so on [3,4]. However, these artificial templates
are pre-fabricated, which is power-wasting, time-consuming, and uneconomic [4]. With
a well-defined hollow nanotubular structure, natural halloysite (Hal), a kind of alumi-
nosilicate clay mineral with the empirical formula of Al2Si2O5(OH)4·2H2O, has merits
including cost-effectiveness, environment-friendliness, huge availability, and possession
of abundant mesopores, and it is distributed extensively in China, Australia, the United
States, New Zealand, and Brazil [3]. Hence, it should be a promising alternative template
for the controlled synthesis of hollow carbon nanomaterials.

The incorporation of heteroatoms (such as N, S, B, and P) into the carbon skeletons can
further improve the physicochemical properties of hollow carbon nanocapsules and thus
tremendously broaden their application [1,5,6]. Among these heteroatoms, B element has
been explored as a very promising candidate for enhancing the properties of carbonaceous
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materials, such as conductibility, adsorption ability, surface reactivity, and lithium interca-
lation capacity [7,8]. In addition, increasing the degree of graphitization of carbonaceous
material has also attracted the attention of many scholars all over the world, owing to
its many potential applications in the fields of potassium ion batteries and photocatalytic
water splitting [9,10]. However, to the best of the current authors’ knowledge, a facile
protocol to synthesize hollow carbon nanocapsules with a high degree of graphitization
and B-doping using Hal as the template has not been reported in the literature.

Herein, we presented a natural Hal-templated synthesis technology for B-HCNCWs
using glucose as the carbon precursor and boric acid as the doping agent via the hydrother-
mal reaction, followed by carbonization and graphitization treatment. The formation
process and physicochemical properties of B-HCNCWs were then investigated in detail
through a sequence of characterizations. With their hollow nanocapsule network architec-
ture, high degree of graphitization, and B-containing functional groups, B-HCNCWs have
enormous potential as electrode materials for energy storage, electrocatalytic applications,
and conversion equipment. Moreover, the DFT calculation demonstrated the positive effect
of B-doping in B-HCNCWs toward Li adsorption.

2. Materials and Methods

As displayed in Figure 1, the main synthetic process of B-HCNCWs comprised three
steps: firstly, the HCNCWs-wrapped Hal (Hal@HCNCWs) composite was prepared by
hydrothermal and carbonization treatment. Specifically, 0.6 g of Hal powder and 6 g of
glucose were evenly dispersed into 70 mL of deionized water through ultrasonication
for 1 h. The mixture was then moved into a 100 mL of PTFE-lined oxidation-resistant
steel autoclave and maintained at 180 ◦C for 8 h. After cooling to indoor temperature,
the as-prepared brown-black product was washed with deionized water and dehydrated
ethanol a few times and then dried at 105 ◦C for 12 h in a vacuum drying oven, obtaining
2.1 g hydrothermal product. Afterward, the hydrothermal product (2.1 g) was put in a
crucible and carbonized in a tubular furnace at 900 ◦C for 2 h under a nitrogen atmosphere
with a heating speed of 5 ◦C min−1, and Hal@HCNCWs (1.2 g) was obtained after cooling.
Secondly, the obtained Hal@HCNCWs was exposed to 1 M HCl and HF mixed solution and
stirred continuously for 24 h to remove the Hal template. The samples were filtered and
washed with deionized water until the pH = 7, and then dried at 60 ◦C for 24 h in a drying
oven to obtain HCNCWs (0.53 g). Finally, 2 g HCNCWs and 0.4143 g H3BO3 (3 wt% B in the
sample) were mixed evenly in an agate mortar for 30 min and placed in a graphite crucible,
and thermally treated at 2600 ◦C for 30 min with a heating speed of 20 ◦C min−1 using a
graphite furnace in an argon atmosphere. When naturally cooled to room temperature, the
final B-HCNCWs (1.57 g) were obtained. The information on materials (the specifications
and sources of reagents) and materials characterization (SEM, TEM, XRD, Raman, BET, and
XPS) are described in detail in the Supplementary Materials. The density function theory
(DFT) calculation was carried out using Materials Studio. The model for calculation was
also built and applied in it using the Castep model with the quality of fine. The function
was GGA/PBE. Monolayer graphene sheets containing different functional groups were
extracted as the simplified models and then used as the initial structures of pristine carbon
and boron-doped carbon materials. Therefore, the adsorption energy (Eads) of the most
stable Li on the carbon materials was calculated by the following formula

Eads = E(C · · ·Li)− E(C)− E(Li) (1)

where E(C· · ·Li) was taken as the total energy of Li adsorbed on the surface of carbon, and
E(C) and E(Li) referred to the energies of the free carbon and Li, respectively.
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Figure 1. Schematic illustration for the synthesis of B-HCNCWs.

3. Results and Discussion

The micromorphologies and structures of natural Hal, Hal@HCNCWs, and B-HCNCWs
were first characterized by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) as displayed in Figures S1 and S2. From Figure S1a,b, it can be seen
that natural Hal displayed the typical tubular nanostructures and the hollow lumens were
readily surveyed. The length of Hal varies between a few hundred nanometers and a
few micrometers, and the internal and external diameters ranged approximately from
5 to 20 and 20 to 50 nm, respectively. For Hal@HCNCWs, after the hydrothermal and
high-temperature carbonization treatment, lots of carbon nanocapsules cross-linked with
each other were observed as shown in Figure S1c. From Figure S1d, a thin amorphous
carbon layer was found on the external surface of natural Hal, which was probably due to
the adsorption of glucose molecules on the surface of Hal with the assistance of hydrogen
bonding during the hydrothermal process followed by the transformation of the glucose
layer into the carbon layer in the high-temperature carbonization procedure [11].

For B-HCNCWs, as displayed in Figures 2a and 2b, the tubular nanocapsule structure
was surveyed and the nanocapsules interconnected with each other, forming particular
porous three-dimensional webs. The length of each nanocapsule was similar to that of Hal.
In addition, the TEM images of B-HCNCWs further confirmed their hollow nanocapsule
structure (Figure 2c). The nanocapsules were kept very well with an outside diameter
of approximately 80–120 nm after removing the Hal template. The high-resolution TEM
(HRTEM) image of B-HCNCWs as shown in Figure 2d demonstrated that the carbon
nanocapsules were made up of several to a dozen graphene layers, which is very similar
to the microstructure of flake graphite, suggesting their high degree of graphitization [12].
The energy-dispersive spectrometer (EDS) elemental mapping of B-HCNCWs in Figure S2
verified the presence of boron (B), carbon (C), and oxygen (O) elements, which strongly
proved that we had successfully synthesized boron-doped carbon materials.

Figure 3a and Figure S3 exhibited the XRD patterns of Hal, Hal@HCNCWs, HCNCWs,
and B-HCNCWs. For Hal, the peaks located at 12.0◦, 20.0◦, 24.5◦, 35.0◦, 37.7◦, 54.6◦, and
62.4◦ were assigned to (001), (100), (002), (110), (003), (210), and (300) planes, respectively,
which are the typical characteristic diffraction peaks of natural halloysite [13]. The diffrac-
tion peaks evident for Hal completely disappeared in the pattern of Hal@HCNCWs due
to the deposition of the carbon coating layer on the surface of Hal. Two new broad peaks
located in the range from 20◦ to 30◦ and from 40◦ to 50◦ were ascribed to the (002) and (100)
lattice planes of graphite, respectively. The relatively broad and weak peak signals indicated
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the amorphous nature of the carbon coating layer, which consisted of small domains of
ordered graphene sheets (Figure S3) [14]. After the removal of the Hal template, HCNCWs
kept similar characteristic peaks to Hal@HCNCWs. For B-HCNCWs, four obvious and
sharp characteristic peaks situated at 2θ = 26.4◦, 42.4◦, 44.5◦, and 54.6◦ were observed,
corresponding to the (002), (100), (101), and (004) planes of flake graphite [15], indicating
that the amorphous carbon coating layer in HCNCWs turned into highly graphitic carbon
in B-HCNCWs during the high-temperature graphitization process (2600 ◦C). In addition,
the interplanar spacing (d002) of B-HCNCWs was calculated to be 0.3370 nm according
to the Bragg equation, which was very close to that of flake graphite (0.3354 nm). The
graphitization degree of B-HCNCWs also reached up to 81.4% based on the calculating
formula reported in the literature [16].

(a) (b) 

(c) (d) 

Figure 2. SEM (a,b) and TEM (c,d) images of B-HCNCWs.

The Raman spectra of Hal@HCNCWs, HCNCWs, and B-HCNCWs were shown in
Figure 3b. The two distinct peaks at 1340–1350 cm−1 and 1565–1595 cm−1 in the spectra
of the three samples represented the D band and G band, respectively. The D band was
relevant to the defects, heteroatomic doping, and disorder induced in sp3-bonded carbon,
while the G band corresponded to the in-plane vibration of sp2-hybridized carbon atoms
of the crystalline graphite structure [3,15]. In addition, the relative strength ratio of the
G band to D band (R = IG/ID) was generally used to describe the graphitization degree
where a higher R value demonstrated a higher graphitic carbon content [14]. The R values
of Hal@HCNCWs, HCNCWs, and B-HCNCWs were 1.06, 1.09, and 1.72, respectively. The
super high R value of B-HCNCWs indicated its high graphitization degree, which was
consistent with the HRTEM and XRD results.

The nitrogen adsorption–desorption isotherms of Hal, Hal@HCNCWs, HCNCWs,
and B-HCNCWs were displayed in Figure 3c. The isotherms of the four specimens all
belonged to the integration of type I/IV isotherms with hysteresis cycles, suggesting their
microporous and mesoporous characteristics [12]. The sharp increase in N2 adsorption at a
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low relative pressure of P/P0 < 0.1 was normally related to the filling of micropores. The
N2 sorption volume (P/P0 < 0.1) of Hal was very small, indicating that the micropores were
almost negligible. Furthermore, the N2 sorption volume (P/P0 < 0.1) of Hal@HCNCWs
was larger than those of HCNCWs and B-HCNCWs, suggesting the larger microporous
volume of Hal@HCNCWs. The hysteresis loop at a relative pressure (P/P0) in the scope
of 0.5–1 for Hal@HCNCWs was also the most obvious, indicating its largest mesoporous
volume among the four samples.

  
(a) (b) 

  
(c) (d) 

Figure 3. XRD patterns of Hal, Hal@HCNCWs, HCNCWs, and B-HCNCWs (a), Raman spectra (b) of
Hal@HCNCWs, HCNCWs, and B-HCNCWs, nitrogen adsorption–desorption isotherms (c) and pore
size distributions (d) of Hal, Hal@HCNCWs, HCNCWs, and B-HCNCWs.

The resulting pore size distribution patterns of Hal, Hal@HCNCWs, HCNCWs, and
B-HCNCWs calculated from the N2 adsorption data according to the DFT method were
then shown in Figure 3d and Figure S4. For Hal, we can see that the pore sizes possessed
the distribution between 2.5 and 25 nm and were centered at 3.2, 5.4, 8.4, 10.7, and 14.7 nm,
indicating that Hal mainly contained mesoporous (Figure S4). For Hal@HCNCWs, two
areas of micropores with sizes of 0.5–0.8 nm and 1.2–2.0 nm and a distinct peak centered
at 4.0 nm could be surveyed, indicating that Hal@HCNCWs contained both micro- and
mesopores. The HCNCWs displayed a similar area of micropores to Hal@HCNCWs except
that the area of mesopores with the size of 2.0–5.6 nm disappeared, which was attributed
to the etching of the Hal template. For B-HCNCWs, we can see that it contained almost
negligible micropores below 1.0 nm and some mesopores between 2.4 and 7.0 nm, and
few mesopores between 7.0 and 25 nm; this was because the high-temperature graphitiza-
tion reduced the number of pores. Table S1 summarized the textural parameters of Hal,
Hal@HCNCWs, HCNCWs, and B-HCNCWs. The corresponding specific surface areas
of Hal, Hal@HCNCWs, HCNCWs, and B-HCNCWs were, respectively, 77, 920, 400, and
263 m2 g−1. The pore volumes of Hal, Hal@HCNCWs, HCNCWs, and B-HCNCWs were,
respectively, 0.5, 1.0, 0.3, and 0.8 cm3 g−1. It is worth noting that the portion of specific
surface area and porosity for B-HCNCWs was still retained even after heating at 2600 ◦C;
such a unique textural property was conducive to the extension of its application.
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Further evidence for the surface chemical compositions and states of Hal@HCNCWs,
HCNCWs, and B-HCNCWs was obtained by XPS spectra as displayed in Figure 4, Figure S5
and S6. As exhibited in Figure S5a, the Hal@HCNCWs contained C, O, Si, and Al elements,
and the peaks for Si and Al were not apparent due to the HCNCWs carbon coating on
the outside surface of Hal. After the removal of Hal, the XPS spectrum of HCNCWs only
contained C 1s and O 1s (Figure S6a). The XPS spectrum of B-HCNCWs revealed the peaks
for C 1s, O 1s, and B 1s (Figure 4a), and elemental contents obtained from XPS analysis for
Hal@HCNCWs, HCNCWs, and B-HCNCWs were summarized in Table S2. We can see
that the contents of C, O, and B elements for B-HCNCWs were 98.58, 0.65, and 0.77 at%,
respectively, indicating that B-doped carbon materials had been successfully prepared,
which was in good agreement with the outcomes of EDS elemental mapping. Compared
with Hal@HCNCWs and HCNCWs, the C content (98.58 at%) increased while the O content
(0.65 at%) decreased for B-HCNCWs, again demonstrating its highly graphitized structure.

  
(a) (b) 

  
(c) (d) 

Figure 4. The XPS survey spectrum of B-HCNCWs (a), the high-resolution C 1s (b), O 1s (c), and B 1s
(d) XPS spectra of B-HCNCWs.

As shown in Figure 4b, four peaks of B-HCNCWs centered at 284.8, 285.5, 286.3,
and 289.4 eV were subdivided from the high-resolution C 1s spectrum, corresponding
to C–C/C=C, C–O, C=O, and O–C=O, respectively [17]. The content of non-oxygenated
C–C/C=C groups was as high as 66.43%, suggesting a high graphitization degree of B-
HCNCWs, which was in accordance with the outcomes of the XRD and Raman analyses.
The high-resolution O 1s spectrum could be fitted to three peaks located at 531.5, 532.5, and
534.0 eV, belonging to O=C, C–OH, and C–O–C, respectively (Figure 4c) [17]. The residual
oxygen-containing functional groups could introduce some radicals on the surfaces of
B-HCNCWs, which would greatly improve their physicochemical properties. According to
the high-resolution B 1s XPS spectrum (Figure 4d), B was present in B-HCNCWs mainly
as four types of B-species: BC3 (186.7 eV), BC2O/BCO2 (187.9 eV), B4C (189.8 eV), and
B2O3 (192.3 eV) [4,18,19]. The XPS analysis suggested that B-doping has modified the
surface chemistry of B-HCNCWs, which showed a good prospect in the application of the
electrode materials.
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In order to further verify the potential application of B-HCNCWs as electrode mate-
rials, the DFT calculation was carried out. The optimized geometries and corresponding
adsorption energies of the most stable Li on HCNCWs with OH, O, BO, and B species were
shown in Figure 5. We can see that the adsorption energies of Li on HCNCWs with OH, O,
BO, and B species were 0.41, 1.39, 2.20, and 5.25 eV, respectively. Notably, the adsorption
energies of Li on HCNCWs with BO and B species (that was B-HCNCWs) were all much
higher than those of HCNCWs with OH and O species, indicating the positive effect of
B-doping in the carbon matrix toward Li adsorption. Therefore, it was reasonable to con-
clude that B-doping in the carbon matrix could increase the lithium intercalation capacity,
which also proved that B-HCNCWs have a bright prospect as the electrode materials in
lithium-ion batteries. The results of the DFT calculation also verified the experimental
conclusions reported in the literature [20].

  
(a) Eads = 0.41 eV (b) Eads = 1.39 eV 

 
(c) Eads = 2.20 eV (d) Eads = 5.25 eV 

Figure 5. The optimized geometries and corresponding adsorption energies of the most stable Li on
HCNCWs with OH (a), O (b), BO (c), and B (d) species. The gray, white, red, pink and purple balls
represent C, H, O, B, and Li atoms, respectively.

4. Conclusions

In summary, B-HCNCWs were successfully synthesized via the hydrothermal reaction
followed by carbonization and graphitization treatment using natural Hal as the template.
The forming process and physicochemical properties of B-HCNCWs were confirmed by
a sequence of characterizations. Since B-HCNCWs have hollow nanocapsule network
architecture, a high degree of graphitization, graphite-like interplanar spacing, and B-
containing functional groups, they could be extensively applied in the fields of electrode
materials, adsorbents, catalysts, and sensors. Moreover, the DFT calculation demonstrated
that B-doping in the B-HCNCWs matrix could increase the lithium intercalation capacity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12142352/s1, Figure S1: SEM (a) and TEM (b) images of natural Hal, SEM (c) and
TEM (d) images of Hal@HCNCWs, Figure S2: EDS elemental maps of boron (yellow), carbon
(purple), and oxygen (green) for B-HCNCWs, Figure S3: XRD patterns of Hal, Hal@HCNCWs
and HCNCWs, Figure S4: pore size distributions of Hal and B-HCNCWs, Figure S5: The XPS
survey spectrum of Hal@HCNCWs (a), the high-resolution C 1s (b), O 1s (c), Al 2p (d) and Si 2p
(e) XPS spectra of Hal@HCNCWs, Figure S6: The XPS survey spectrum of HCNCWs (a), the high-
resolution C 1s (b) and O 1s (c) XPS spectra of HCNCWs, Table S1: The textural parameters of
Hal, Hal@HCNCWs, HCNCWs, and B-HCNCWs, Table S2: Elemental contents obtained from XPS
analysis for Hal@HCNCWs, HCNCWs, and B-HCNCWs.
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Abstract: Water pollution poses a significant threat to both human health and ecosystem integrity.
Chemical pollutants such as dyes and pesticides affect the water quality and endanger aquatic life.
Among the methods for water purification from organic pollutants, photodegradation is certainly
a valid technique to decrease such contaminants. In this work, pristine NiO, ZnO, and NiO-ZnO
photocatalysts were synthesized by the homogeneous co-precipitation method. X-ray diffraction
confirms the formation of a photocatalyst consisting of ZnO (Hexagonal) and NiO (Cubic) struc-
tures. The crystalline size was calculated by the Scherrer formula, which is 19 nm for the NiO-ZnO
photocatalyst. The band gap measurements of the prepared samples were obtained using the Tauc
Plot, equation which is 2.93 eV, 3.35 eV and 2.63 eV for NiO, ZnO, and NiO-ZnO photocatalysts,
respectively. The photocatalytic performance of NiO-ZnO nanocomposite was evaluated through the
degradation of Methylene Blue and Nile Blue dyes under sunlight, and Bentazon herbicide under a
UV light. Photocatalyst degradation efficiency was 95% and 97% for Methylene Blue and Nile Blue in
220 min under sunlight while a degradation of 70% for Bentazon after 100 min under UV light source
was found.

Keywords: NiO-ZnO nanocomposite; co-precipitation method; photocatalysis; water pollutants;
herbicide; dyes

1. Introduction

Currently, water pollution is a global issue due to its harmful effects on water species,
human beings as well as animals. The release of herbicides from intensive agriculture
and organic dyes from industries into freshwater reservoirs without any pretreatment has
potential health effects on living beings [1,2].

Nowadays, modern agriculture uses various herbicides for the better growth of agri-
culture, controlling different kinds of pests and improving the food [3]. Similarly, various
synthetic dyes are used in medical laboratories and industries like paint, textiles, food,
and printing. The excess release of these herbicides and dyes is highly toxic for the water
environment, soil fertility, aquatic creatures, and biological ecosystems. In this regard, the
World Health Organization (WHO) sets the threshold levels of herbicides in drinking water
at approximately 30 μg/L [4,5].

To overcome this issue, several methods have been employed to remove organic
dyes and herbicides, such as coagulation, sedimentation, reverse osmosis, biological and
chemical reactions, and photocatalytic activity [6]. Each method has its own advantages
and limitations. In recent years, among these methods, semiconductor-mediated solar
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photocatalysis has been considered an efficient technique for the removal of these organic
pollutants as it is an eco-friendly and sustainable approach to degrading the toxic pollutants
into nontoxic molecules [7].

A literature review revealed that different semiconductor photocatalysts have been
used for the degradation of dyes and herbicides. Semiconductors can be divided into two
classes; n-type semiconductors, such as ZnO, CeO2, TiO2, SnO2, WO3, etc. [8–13] and p-type
semiconductors that include NiO, Co3O4, Mn3O4, etc. [14–16]. Using a single metal oxide,
semiconductor photocatalysts high recombination rate and poor charge carrier mobility
limit the photocatalytic activity. Several techniques have been adopted, such as the mixing
of two or more semiconductors [4], single doping [17], dual doping [18], and co-doping [19],
to improve their charge transport properties and prevent electron-hole recombination.
Metal oxides can be synthesized by different approaches, such as precipitation [20] or co-
precipitation in case of two or more metal precursors [21,22], precipitation in the presence of
chelating agents [23,24] or even more complex methods [25,26]. Among these approaches,
the co-precipitation method ensures an easy, fast, and industrially scalable synthesis. In
addition, the obtained materials have gained much attention due to their high efficiency in
absorption, electron hole pair generation, and high efficiency when used for wastewater
treatment and other applications [27]. In recent years, several studies have been reported
on the removal of industrial dyes and herbicides using p-n heterojunction semiconductor
photocatalysts such as ZnO/CdO, CuO/TiO2, ZnO/MgO, ZnO/WO3, NiO/ZnO [28–33]
for the removal of synthetic dyes and Fe2O3-TiO2 [1], ZnO/CuO [34], and Ag/TiO2 [35] for
the removal of different herbicides.

Although NiO-ZnO nanocomposite has been widely investigated for the degradation
of different synthetic dyes, to the best of our knowledge, the activity of such a photocatalyst
towards the degradation of Nile Blue and Bentazon has not been reported. In this work,
pristine ZnO and NiO nanoparticles, along with a NiO-ZnO photocatalyst (NZP), were
prepared by the co-precipitation method. The structural, morphological, photocatalytic, and
optical properties were studied using X-ray diffraction (XRD), Scanning electron microscopy
(SEM), Ultraviolet and visible (UV-Vis) spectroscopy, Fourier transform infrared (FTIR),
and Raman spectroscopies. The degradation efficiency of the prepared photocatalyst was
evaluated on Methylene Blue (MB) and Nile Blue (NB) dyes (cationic), and Bentazon (BZ)
herbicides (anionic).

2. Materials and Methods

2.1. Chemicals

Nickel nitrate hexahydrate [Ni(NO3)2·6H2O, CAS No: 13478-00-7, purity 99%, crystals]
and zinc nitrate hexahydrate [Zn(NO3)2·6H2O, CAS No: 10196-18-6, purity 98%, crystals]
were used as precursors for the synthesis of NiO, ZnO and NZP. Sodium hydroxide
(NaOH, CAS No: 1310-73-2, purity 97%, pallets) was employed as a precipitating agent.
Hydrochloric acid (HCl, CAS No: 7647-01-0, concentration 37%, density 1.2 g/mL) was
used for changing the pH. For the photocatalytic activity Methylene Blue (C16H18ClN3S,
CAS No: 61-73-4, dye content ≥ 82%, powder), Nile Blue (C40H40N6O6S, CAS No: 3625-
57-8, dye content ≥ 75%, powder) and Bentazon (C10H12N2O3S, CAS No: 25057-89-0,
purity ≥ 98%, powder) were used as pollutants in deionized water. All the reagents were
purchased from Merck (Darmstadt, Germany) and used as received without any further
refinement procedures.

2.2. Synthesis of Pristine NiO, ZnO and NiO-ZnO Photocatalyst

ZnO, NiO nanoparticles, and NZP were prepared using the homogeneous co-precipitation
method. For the synthesis of NiO and ZnO nanoparticles, nickel nitrate hexahydrate
(2.9079 g) and zinc nitrate hexahydrate (2.9748 g) were mixed in two separate beakers in
50 mL deionized water and magnetically stirred for 1 h. After 1 h, NaOH solution (1 M)
was added dropwise to each solution until pH 9 was reached, and then the solutions were
stirred for 3 h. The greenish precipitate for NiO and the white precipitate for ZnO started
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to form. The obtained precipitates were washed to remove impurities with distilled water
and then filtered. The resulting products were dried in an oven at 60 ◦C for 12 h. The
synthesis of NZP was based on a similar procedure, starting with a solution with a Zn:Ni
mole ratio of 1:1 in 100 mL deionized water with the amount of nickel salt 2.9079 g and
zinc salt 2.9748 g. Finally, dried NiO, ZnO, and NZP were grinded to obtain fine powders
and then annealed at 600 ◦C for 2 h. The synthesis process is schematically summarized
in Figure 1a.

Figure 1. (a) Schematic representation of the synthesis process of NZP photocatalyst. Structure
formula of (b) Methylene Blue dye, (c) Nile Blue dye and (d) Bentazon herbicide.

2.3. Photocatalytic Test

The photocatalytic degradation efficiency of the prepared NZP was investigated using
Methylene Blue (MB) and Nile Blue (NB) as cationic dyes and Bentazon (BZ) as an herbicide
pollutant. In the photocatalytic test, 30 mg of photocatalyst powder was added separately
to 60 mL of a water solution of MB, NB, and BZ at a fixed concentration (5 ppm). For the
adsorption–desorption equilibrium of dyes and herbicides on the surface of nanocomposite,
the pollutant solutions were stirred for 1 h in the dark. The dye solutions containing NZP
were exposed to solar light irradiation. In the case of BZ, the experiment was carried
out under a mercury lamp (300 W) (Oriel Instruments, Newport, CA, USA), selecting the
wavelength range of 220–260 with a dichroic mirror in a dark room. The pollutant solution
was placed 20 cm from the lamp. The light intensity of irradiation was measured by a
power meter (Thorlabs, Newton, NJ, USA, model PM100D) at wavelength 240 nm, which
was about 7.8 mW during all the experiments. After regular intervals of 20 min, 2 mL of
solution was taken and analyzed using a double-beam UV-Vis spectrophotometer.
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The percentage degradation efficiency of the photocatalyst was calculated using the
following formula [36]:

% Degradation = (C0 − Ct)/C0 ∗ 100 (1)

with C0 and Ct the concentration of pollutants before and after irradiation, respectively.
The pH was optimized for BZ, evaluating the degradation efficiency. Three values of pH
were explored: 5, 7 and 9; the values were reached using NaOH (1 M) or HCl (1 M). For
the three pH values the degradation efficiency was 75%, 70% and 71% for pH 5, 7 and 9,
respectively, as reported in Figure S1 of the supporting information. Due to the almost
constant degradation efficiency values, for all the activities the pH was set at 7.

The self-degradation of pure organic compounds in water solution was analyzed by
exposing MB and NB (concentration 5 ppm) under sunlight and BZ (5 ppm) under UV
light source.

The structure of dyes and herbicide are shown in Figure 1.

2.4. Reusability of the NZP

The reusability of the photocatalyst was evaluated by repeating the photodegradation
process for the BZ under the same reaction conditions. After completing each cycle of degra-
dation, the photocatalyst was washed with deionized water and separated by centrifuging
the samples for 10 min at 3000 rpm with a centrifuge (Thermo Fisher, Waltham, MA, USA,
Megafuge 8) to collect all of the powder. After, the powder was dried for about 1 h in an
oven at 70 ◦C and it was used again for the next cycle. Figure S5 shows the degradation
efficiency of the NiO-ZnO photocatalyst for the three cycles.

2.5. Instrumentation

A Philips X-Pert Pro 500 (Amsterdam, The Netherlands) diffractometer X-ray diffrac-
tion (XRD) on NiO, ZnO, and NiO-ZnO powders was performed using Cu Kα radiation
(λ = 1.54056 Å) in the 30–90◦ 2θ range, with 4 s counting time and 0.02◦ step size. The
morphology of the samples was investigated using a Zeiss Leo SUPRA™ 35 (Oberkochen,
Germany) field emission scanning electron microscope (FE-SEM). Elemental Analysis was
carried out using the energy-dispersive X-ray (EDX) spectrometer. The Fourier Transform
Infrared spectrophotometer (Jasco FT/IR-4X, Victoria, BC, Canada) was used to determine
the functional groups. Raman data was collected using ATR8300 Raman using integral
time 2000 ms and laser power 25 mW. The Optical and photocatalytic measurements were
measured using a double beam UV-Vis spectrophotometer (PerkinElmer UV/VIS/NIR
spectrometer Lambda 750, Shelton, CT, USA).

3. Results and Discussion

3.1. X-ray Diffraction

The crystal structure of the grown samples was determined using X-ray diffraction.
The patterns of pristine NiO, ZnO, and NZP photocatalysts are shown in Figure 2.

Both NiO and ZnO patterns showed pure-phase samples, with peaks positions and
relative intensity that closely match the reference cards of NiO rock-salt structure (JCPDS
47-1049) and ZnO hexagonal structure (JCPDS 36-1451), respectively. The diffraction peaks
of both NiO and ZnO are visible in the NZP nanocomposite diffractogram; no extra peaks
belonging to secondary phases are observable, indicating that NZP is only made up of NiO
and ZnO. The Scherrer equation is used to determine the crystallite size “D” of the grown
samples, and it can be written as [37]:

D =
kλ

βhkl ∗ cosθ
(2)

where k is a constant = 0.9, λ is the used Cu Kα radiation wavelength = 1.5406 Å, β = full
width at half maximum of the peak and θ is Bragg angle [38]. The higher peaks of intensity
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of NZP with lower full width of half maxima shows the higher crystallinity of the pho-
tocatalyst as compared to the pristine NiO and ZnO as shown in Figure 2. The average
crystallite size for NiO, ZNO, and NZP were 20 nm, 17 nm and 19 nm, respectively. The
crystallite size and other XRD structural parameters such as lattice constants (a, c), unit cell
volume (v), d-spacing (d), dislocation density (ρ) and strain (ε) [37,39] were calculated and
listed in Table 1.

Figure 2. XRD spectra of NiO, ZnO, and NZP.

Table 1. The structural parameters of NiO, ZnO and NiO-ZnO nanocomposite.

Oxides a (A) c (A) c/a Volume (Å3)
Micro Strain ε

(×10−4)
d-Spacing

(Å)
Dislocation Density

(×10−3 nm−2)

Individual

NiO 4.184 - 1 72.748 2.025 1.686 3.139
ZnO 3.243 5.209 1.603 47.609 9.838 2.041 0.746

In NZP

NiO 4.194 - 1 73.786 12.885 1.694 1.337
ZnO 3.251 5.219 1.605 47.687 12.019 1.994 1.130

3.2. SEM Analysis and Energy Dispersive X-ray Spectroscopy

The surface morphology and chemical composition of pristine NiO, ZnO, and NZP
were carried out using SEM analysis. The obtained SEM images showed that all the
grown samples have nano-sized particles. Figure 3a,b reveals that ZnO nanoparticles
have a rice-like structure and NiO nanoparticles have a spherical morphology with a
non-homogeneous distribution. The SEM image and elemental composition of the NiO-
ZnO photocatalyst are shown in Figure 3c,d. The NZP has uniform and round-shaped
nanoparticles. From EDX characterization, the atomic percentage values of Ni, Zn, and O
are reported in the inset of Figure 3d, indicating the presence of Nickel, Zinc, and oxygen
with atomic percentages of 24%, 29%, and 46%, respectively.
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(c) 
(d) 

Figure 3. SEM images of: (a) the pristine NiO, (b) pristine ZnO, and (c) NZP; (d) EDS spectrum and
elemental composition of NZP.

3.3. FTIR Analysis

The Fourier-transform infrared spectroscopy (FTIR) technique is used to study the ma-
jor functional groups and their vibrational frequencies present in grown samples. The FTIR
spectra of Pristine NiO, ZnO, and NZP are displayed in Figure 4. In the low wavenum-
ber region (400–850 cm−1), the peaks are related to metal-oxygen (M-O, M = Ni, Zn)
and metal-hydroxide (M-OH) bonds [37,40]. The absorption peak at 472 cm−1 corre-
sponds to the M-O vibrational mode due to the Ni-O stretching vibrations and the peaks
at 447 and 503 cm−1 are related to ZnO stretching vibrations, while vibrations in NZP
(NiO = 470 cm−1, ZnO = 450 cm−1) [41]. The stretching vibrations of NiO and ZnO in NZP
confirm the formation of a photocatalyst [21,42]. The low-intensity peaks at 850 to 900 cm−1

are attributed to tetrahedral Zn2+ ions [43]. The peaks at 1300–1460 cm−1 are due to the
presence of NO3, which might not be removed well during the washing process [38].

3.4. Optical Analysis

The powder of each compound was suspended in water (concentration 5 ppm) sepa-
rately, and the UV-Vis absorption spectra were recorded. Figure 5a–c shows the absorption
spectra of pristine NiO, ZnO, and NZP. The absorption peaks of NiO and ZnO were ob-
served at 279 nm and 370 nm, respectively. In the NiO-ZnO photocatalyst, the absorption
peaks were centered at 320 nm and 376 nm, respectively, attributed to NiO and ZnO, which
confirms the coexistence of two oxides in a single matrix. The shift in the absorption
spectra of the photocatalyst might be due to the incorporation of Zn2+ ions into the NiO
lattice. The optical energy band gaps of ZnO, NiO, and NZP were analyzed using the Tauc
plot equation, which gives the correlation between the incident photon energy (hυ) and
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absorption coefficient (α), as shown in Figure 5a–c (insets) [44]. The calculated energy band
gaps (Eg) for NiO, ZnO, and NZP were 2.93 eV, 3.35 eV, and 2.63 eV, respectively. These
measured values of band gap energy are well consistent with the literature [45–47]. The
value of Eg of NZP is in the visible region, suggesting that it can enhance photocatalytic
activity under sunlight.

 
Figure 4. FTIR Spectra of pristine NiO, ZnO, and NZP in the range of 400–4000 cm−1.

  

Figure 5. Absorption spectra as a function of wavelength (a) NiO, (b) ZnO, and (c) NZP, the insert
shows Tauc’s plot of energy band gap.
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3.5. Raman Analysis

To study the structural and vibrational properties of prepared samples, the Raman
spectroscopy technique was employed. Figure 6a–c shows the Raman spectra of ZnO, NiO
nanoparticles and NZP in the spectral range of 200–700 cm−1.

 

 

Figure 6. Raman spectra of (a) NiO, (b) ZnO, and (c) NZP.

The Raman spectrum of NiO showed a low-intensity band at 340.07 cm−1, a medium-
intensity band at 380.29 cm−1 and 393.17 cm−1, and a high-intensity band at 535.14 cm−1

and 547.03 cm−1, as shown in Figure 6a, and they are attributed to the active modes of cubic
NiO, one-phonon (1P), one-phonon (TO), and one-phonon (LO), respectively [37,48,49].

The Raman spectrum of ZnO is shown in Figure 6b. It exhibits weak scattering peaks
at 332.12 cm−1 and 382.20 cm−1 assigned to E2 (low) and E2 (high) associated with the
motion of oxygen atoms in the lattice and confirmed the wurtzite crystal structure of
ZnO [50]. The strong and sharp peaks at 516.26 cm−1 correspond to A1 (LO), and the
weak peak at 655.12 cm−1 is an acoustic overtone with A1 symmetry, which confirmed
the formation of ZnO nanoparticles [4,51]. In the Raman spectra of NZP, the NiO phase
appeared at 392.29 cm−1 and 534.59 cm−1 while the ZnO phase appeared at 380.72 cm−1

and 659.12 cm−1, which confirms the formation of the NiO-ZnO photocatalyst. The optical
phonon modes of NiO and ZnO in NZP confirmed the co-existence of two phases in a single
matrix. There is a slight shift in the peaks in the spectrum of NZP as shown in Figure 6c,
that might be due to phonon confinement, defects (oxygen deficiency, surface impurities),
and structural disorder [41,48].
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3.6. Photocatalytic Activity

The photocatalytic activity of NZP was examined for MB, NB dyes under sunlight and
for Bentazon herbicide under UV light at fixed concentrations of 5 ppm of contaminant at
different time intervals. The absorption spectra of dyes and herbicide were measured with
UV-Vis spectroscopy.

3.6.1. Degradation of Methylene Blue and Nile Blue Dyes

The photocatalytic activity of NZP was investigated using the two cationic dyes
Methylene Blue and Nile Blue at fixed concentration (5 ppm) under the natural sunlight.
The maximum absorption peak of MB and NB is observed at L= 664 nm and L= 634 nm,
respectively. The photodegradation (absorbance) under direct sunlight of MB and NB dyes
in the presence of NZP for various time intervals from 0 to 220 min is shown in Figure 7a,b.
An evident decrease of the absorption peak as a function of time can be appreciated. In
addition, after 220 min, visual degradation is reported in the inset of Figure 7a,b for MB
and NB dyes before and after degradation.

  

Figure 7. Absorption spectra of (a) MB and (b) NB at 5 ppm dye concentration in the presence of
NZP. Insets show pictures of the cuvettes before and after sunlight irradiation of 220 min.

Figure 8a shows the percentage degradation of dyes as a function of the irradiation
time. The grown photocatalyst shows higher decolorization efficiency for NB as compared
to MB. The difference in degradation efficiency of both dyes may be due to the different
molecular structures of MB and NB. The percentage degradation of MB and NB is 95%
and 97%, respectively, in 220 min under the sunlight. The kinetic studies reveal that the
photocatalytic performance of NZP can be modeled by a pseudo-first-order kinetic reaction.

Ct = C0e−kt (3)

ln
(

C0

Ct

)
= kt (4)

where k is the rate constant, C0 the is initial concentration and Ct the is concentration at time
t. The rate constant k is the slope of the curve obtained by plotting ln(C0/Ct) vs. irradiation
time t as reported with solid line in Figure 8b. The value of k obtained for prepared NZP
against MB and NB were 0.012 min−1 and 0.016 min−1, respectively. On the other hand,
the value of R2 of the fitting were 0.970 and 0.971 for MB and NB, respectively, which also
confirms the good choice of the pseudo first order reaction. The comparison of photodegra-
dation efficiency of different metal oxide nanocomposite materials against MB and NB
reported in literature is listed in Table 2. The values indicate that the photodegradation of
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our composite NZP against NB represents one of the best results obtained in the literature
for binary composites to our knowledge.

  

Figure 8. (a) Percentage degradation Efficiency of NZP for MB and NB (b) Degradation kinetic plot,
ln(C0/Ct) vs. irradiation time for MB (black points) and NB (red points).

Table 2. The comparison of photodegradation efficiency of different metal oxide nanocomposite
materials against MB and NB.

Photocatalyst Dyes Source Degradation Efficiency (%) Ref.

ZnO-MgO MB Sunlight 89 [30]
ZnO-CdO - - 97 [28]
WO3-ZnO - - 90 [52]
NiO-ZnO - - 95 present work
CuO-SiO2 NB UV-Visible 90 [53]
FeMnO3 - Sunlight 95 [54]
CuFe2O4 - Hg lamp 93 [55]
NiO-ZnO - Sunlight 97 present work

For comparison, the self-degradation under sunlight of MB and NB in water solution
without any catalyst was studied, and the results are shown in the supporting information.
Regarding the Methylene Blue, the self-degradation was 50% in 220 min (see Figure S2),
while for the NB, the self-degradation was about 26% after 220 min, as shown in Figure S3.

3.6.2. Degradation of Bentazon Herbicide

The degradation efficiency of NZP was also investigated for BZ herbicides under UV
light. The photodegradation of BZ is shown in Figure 9a. The maximum degradation was
obtained after 100 min under UV light. The prepared photocatalyst shows 70% degrada-
tion of BZ after 100 min under UV light, as reported in Figure 9b. As in the case of dyes
previously described the value of k of the curve slope for NZP for Bentazon was obtained
by plotting ln(C0/Ct) vs. irradiation time t Figure 9c. The calculated value of k obtained by
the pseudo-first-order kinetic reaction is 0.011 min−1, and the value of R2 is 0.841. The com-
parison study of the photodegradation efficiency of different metal oxide nanocomposite
materials reported in the literature for Bentazon herbicide is listed in Table 3.
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Table 3. The comparison study of photodegradation efficiency of different metal oxide nanocomposite
materials against Bentazon herbicide.

Photocatalyst Source
Irradiation Time

(min)
Degradation

Efficiency (%)
Ref.

Fe2O3-TiO2 UV-Visible lamp 120 51 [1]
N–TiO2–PMAA-
g-PVDF/PAN UV light 180 90 [6]

NiO-ZnO UV light 100 70 Present work

  

Figure 9. (a)Absorption spectra of Bentazon at 5 ppm in the presence of NZP. (b) Percentage degra-
dation of NZP against Bentazon. (c) Photodegradation kinetic Plot, ln (C0/Ct) vs. irradiation time.

Also in this case, the self-degradation of BZ was studied, and the results are shown
in the supporting information in Figure S4. In the same time frame, the self-degradation
reached about 38%. The presence of the catalyst is essential to boosting the degradation efficiency.

Concerning the reusability of the NZP catalyst, the efficiency in the three cycles is
almost the same (~70%), as shown in Figure S5, underscoring that the composite can be
reused several times.

3.7. Photodegradation Mechanism

When light strikes the NZP composite, electrons in the conduction band and holes
in the valence band (e−CB + h+

VB) are generated. The oxidation and reduction processes
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take place at the surface of semiconductor photocatalysts. The expected photodegradation
mechanism of the NiO-ZnO Photocatalyst can be summarized in four main steps:

Photo excitation:

NiO − ZnO + hυ → NiO − ZnO e−CB + h+VB

Oxygen ion absorption:

NiO − ZnO (e−CB) + O2 → NiO − ZnO + *O−
2

Ionization of water:
H2O → H+ + *OH

*O2 + H+ → *HO2

Protonation of superoxide:

NiO − ZnO
(
e−CB

)
+ ∗HO2 + H+ → H2O2

NiO − ZnO (h+VB) + dye or herbicide → degradation products

Briefly, when light is irradiated on the NiO-ZnO photocatalyst, electron-hole pairs(
e−CB + h+VB

)
are generated. These photogenerated electrons react with oxygen molecules

to form superoxide anion (*O2
−) radicals that are less toxic, while the hole reacts with

hydroxyl ions to form reactive hydroxyl (*OH) radicals. These excited radicals reduce
the dye and herbicide molecules, while holes oxidize the pollutants directly and cause
degradation. The combination of NiO-ZnO is able to create more dynamic catalytic centers,
which assist in photodegradation [56]. Figure 10 represents the schematic diagram of the
action of the NiO-ZnO photocatalyst.

Figure 10. The schematic representation of photocatalytic mechanism for dyes in the presence of NZP.

4. Conclusions

In this study, pristine NiO, ZnO nanoparticles, and NiO-ZnO photocatalyst were
synthesized and characterized for the degradation of organic pollutants. The NZP showed
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a smaller band gap energy (2.6 eV) compared with the pure NiO and ZiO components;
consequently, this composite has a light absorption range from UV to natural light. The
photocatalytic activity was investigated against MB, NB, and BZ; the degradation effi-
ciency for dyes was 95%, 97% under sunlight, and 70% for herbicides under UV light,
respectively. The photocatalyst has a recyclability of up to three cycles towards BZ without
losing efficiency. Hence, this photocatalyst has great potential applications for wastewater
treatment, the improvement of water quality discharge from textiles or other industries,
and safeguarding the health of the ecological environment.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nano14050470/s1, Figure S1. Degradation efficiency of BZ
as a function of pH value; Figure S2. Absorption spectra of MB at 5 ppm in the absence of catalyst
under sunlight irradiation; Figure S3. Absorption spectra of NB at 5 ppm in the absence of catalyst
under sunlight irradiation; Figure S4. Absorption spectra of BZ at 5 ppm in the absence of catalyst
under UV lamp; Figure S5: Percentage degradation of BZ under three different cycles.
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Abstract: Using KOH-modified wheat straw as the precursor, wheat straw biochar was produced
through carbonization at 500 ◦C. Subsequently, a synthetic material containing nano-zero-valent iron
(nZVI) was prepared via liquid phase reduction (nZVI-WSPC). To enhance its properties, chitosan
(CTS) was used by crosslinking to form the new adsorbent named CTS@nZVI-WSPC. The impact
of CTS on parameters such as mass ratio, initial pH value, and adsorbent dosage on the adsorption
efficiency of Cr(VI) in solution was investigated through one-factor experiments. Isotherm adsorption
and thermodynamic analysis demonstrated that the adsorption of Cr(VI) by CTS@nZVI-WSPC
conforms to the Langmuir model, with a maximum adsorption capacity of 147.93 mg/g, and the
adsorption process is endothermic. Kinetic analysis revealed that the adsorption process follows a
pseudo-second-order kinetic model. The adsorption mechanism, as elucidated by SEM, FTIR, XPS,
and XRD, suggests that the process may involve multiple mechanisms, including pore adsorption,
electrostatic adsorption, chemical reduction, and surface chelation. The adsorption capacity of Cr(VI)
by CTS@nZVI-WSPC remains high after five cycles. The adsorbent is simple to operate, economical,
efficient, and reusable, making it a promising candidate for the treatment of Cr(VI) in water.

Keywords: chromium; wheat straw biochar; nZVI; chitosan; adsorption; chemical reduction

1. Introduction

The issue of heavy metal pollution in aquatic environments has intensified, posing a
significant challenge due to the indiscriminate discharge of industrial waste, mining efflu-
ents, sewage irrigation, and chemical products [1]. Among these contaminants, chromium
pollution stands out as a particularly pressing concern due to its inherent toxicity and
deleterious effects on aquatic ecosystems [2]. Hexavalent chromium (Cr(VI)), in particular,
poses a direct threat to human health. Exposure through ingestion, inhalation, or skin con-
tact can result in severe toxicity, potentially causing genetic defects, allergies, and long-term
damage to the environment [3].

Recent investigations have revealed that biomass materials, when subjected to high-
temperature pyrolysis in an oxygen-deficient environment, transform into carbon-rich
materials known as biochar (BC). Biochar is characterized by a wealth of functional groups
and a large specific surface area, making it highly desirable for applications in aquatic
environments due to its exceptional adsorption capacity. In the context of remediating
chromium-containing wastewater, various types of biochar have demonstrated superior
adsorption and removal capabilities. Common agricultural waste biomasses, including oat
waste [4] sawdust of beech [5], rice husk [6], bagasse [7], wheat bran [8], coconut Husk [9],
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bamboo [10], and rubberwood fiber [11], have all demonstrated exceptional potential for
application in both chromium pollution removal and degradation.

Proper modification of biochar can significantly enhance its adsorption performance
in multiple ways [12]. A range of modification techniques have been investigated to
optimize the adsorption capacity of hexavalent chromium [13]. In chemical oxidation or
reduction modifications, the introduction of oxygen-containing functional groups such
as -COOH and -OH onto the biochar surface serves to enhance its adsorption capacity.
Commonly employed agents for such modifications include HCl and HNO3, as well as
alkaline substances like KOH and NaOH [14]. Metal impregnation, characterized by the
adsorption of metal ions or heteroatoms into the pores and surfaces of biochar, represents
another effective modification strategy. This process increases the specific surface area
of biochar, and the synergy between metal ions and adsorbents further enhances the
adsorption capacity [15].

nZVI has garnered considerable attention in the scientific community due to its
plethora of active sites, exceptional reactivity, and remarkable reduction efficacy in the
reduction of Cr(VI) to Cr(III) [16]. However, its intrinsic magnetism, heightened reactiv-
ity, susceptibility to agglomeration, and susceptibility to oxidation pose challenges that
markedly impact its performance. To surmount these challenges, there is a growing interest
in investigating the amalgamation of nZVI with biochar [17,18]. The binding interactions
between nanoscale zero-valent iron particles and biochar may encompass adsorption, co-
ordination, and chelation mechanisms [19]. For instance, ferrous or iron ions can form
bicrenate complexes by binding to -OH groups. Furthermore, the oxide shell encapsulating
the nZVI core interacts with the surface functional groups of biochar, fostering the for-
mation of robust and stable bonds. This interfacial interaction significantly enhances the
stability and functionality of the composite material, facilitating its application in various
environmental and energy-related fields [20]. These interactions diminish the strength of
attraction between particles, consequently mitigating nZVI aggregation and promoting its
dispersion within the biochar matrix.

In the adsorption reaction of hexavalent chromium, NH2 has demonstrated func-
tional reactivity [21]. Chitosan, derived from the natural polysaccharide chitin, is a high-
molecular-weight product known for its non-toxic and biocompatible properties. Chitosan
is rich in amino (-NH2) and hydroxyl (-OH) functional groups, serving as robust binding
sites for Cr (VI) and facilitating the adsorption of various pollutants through mechanisms
such as adsorption, chelation, electrostatic attraction, and ion exchange [22,23]. When
coupled with Fe-based materials, chitosan effectively addresses the inherent magnetic
concerns, thereby enhancing the stability and adsorption capacity of the reaction. No-
tably, the synergistic combination of chitosan and biochar leads to the formation of novel
carbohydrate polymers with significantly augmented adsorption capacity.

Building on the aforementioned synthesis, this study focused on the fabrication of
a composite wheat straw biochar adsorbent. Chitosan was introduced for cross-linking
with nanoscale zero-valent iron (nZVI) to evaluate its efficacy in adsorbing hexavalent
chromium from aqueous solutions. The physical and chemical properties, along with the
surface structure characteristics of the materials, were comprehensively analyzed using
SEM, FTIR, XRD, BET, and XPS. Additionally, the effects of pH and adsorbent dosage on the
adsorption of hexavalent chromium in water were systematically investigated to identify
the critical factors influencing Cr(VI) removal. The study also delved into the dynamics of
adsorption, isotherm analysis, and thermodynamic modeling to elucidate the mechanisms
governing the adsorption behavior. The aim was to provide insights that can inform the
development of functional materials for the treatment of chromium-containing wastewater.

2. Materials and Methods

2.1. Preparation of Materials

Wheat straw-derived porous: Wheat straws were collected from a cultivated field in
Nanyang city, Henan Province, China. To eliminate impurities from the wheat straw, the
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materials were sieved through a 20-mesh screen and subsequently washed with distilled
water before being dried in an oven at 80 ◦C for 24 h. An amount of 5 g of wheat straw
powder was placed in 20 mL of KOH solution with a concentration of 2 mol/L and soaked
for 12 h. Following the oscillation, the wheat straw powder underwent filtration and
was rinsed with pure water until the pH of the filtrate reached neutrality. The resultant
powder was dried at 105 ◦C for 3 h and stored for subsequent use. During the carbonization
process, an appropriate quantity of the pre-obtained wheat straw powder was placed in
a quartz boat and transferred to the quartz tube within a tube furnace. The gas tightness
was ensured by nitrogen testing for 10 min, after which the heating program commenced:
with a heating rate of 10 ◦C/min, the carbonization temperature was set to 500 ◦C, and the
carbonization duration was 180 min. Upon completion of the carbonization process and
the subsequent cooling to room temperature, the residue was retrieved and placed in a
sealed beaker for preservation, denoted as the original biochar, referred to as WSPC.

nZVI-WSPC [24,25]: 2 g of wheat straw biochar (WSPC) was dispersed in 50 mL of
FeSO4·7H2O solution with a concentration of 0.1 mol/L and stirred for 2 h. After that,
50 mL of aqueous ethanol solution with a volume ratio of 1:1 was added as a dispersant to
a three-port reaction glass flask, followed by 50 mL of NaBH4 solution at a concentration
of 0.25 mol/L at a rate of 2 drops/s under nitrogen. Approximately 30 min later, biochar-
loaded nanoscale zero-valent iron particles were successfully synthesized. The resulting
carbonized products underwent a triple wash with deionized water and anhydrous ethanol,
followed by vacuum drying at 60 ◦C for 24 h. Subsequently, the products were ground
through a 0.15 mm sieve and designated as nZVI-WSPC.

CTS@nZVI-WSPC: Mix 5 g of chitosan with 100 mL of acetic acid solution with a
volume fraction of 5% at 25 ◦C and stir vigorously until the chitosan gel dissolves. Then,
nZVI-WSPC was added with a mass ratio of chitosan: nZVI-WSPC (1:1), and continuous
mechanical stirring for 4 h was used to obtain a uniform CTS@nZVI-WSPC mixture. Then,
the mixed gel solution is sonicated in an ultrasonic bath for 30 min to obtain a homogeneous
and dispersed chitosan gel solution with nZVI-WSPC particles. The prepared solution is
lyophilized and dried for 28 h to obtain complexes. The final product is crushed and passed
through a 100 mesh size (150 mm) for further use.

Those three adsorbents mentioned above were obtained as shown in Figure 1.

Figure 1. Schematic diagram of the preparation process of three adsorbent materials.

2.2. Adsorption Experiment

K2Cr2O7, precisely measured at 2.835 g, was dissolved in 1000 mL of deionized water
to create a stock solution with a Cr (VI) concentration of 1 g/L. This stock solution was
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further diluted with deionized water as necessary. The pH of the reaction solution was
adjusted using varying concentrations of HCl and NaOH solutions.

2.2.1. Choice of Adsorbent

In order to find the optimal mass ratio of CTS and nZVI-WSPC, we set six differ-
ent gradients, namely CTS: nZVI-WSPC = 0:1, 1:1, 1:2, 1:3, 3:1, 2:1. The experimental
conditions at this time were C0 = 50 mg/L, T = 25 ◦C, t = 24 h, Dose = 1 g/L, pH = 7.0.
Following single-factor comparative experiments, we identified the synthesized materials
resulting from a mass ratio of CTS: nZVI-WSPC = 1:3 for subsequent characterization and
batch experiments.

2.2.2. Effects of Adsorbent Dose and Solution pH

Similarly, the adsorbent dose and pH value were also examined as important factors
affecting the experimental results. In agreement with the experimental conditions described
above, we studied the removal of Cr (VI) with different adsorbent doses and pH values.
The amount of adsorbent was set to 0.2 g/L, 1 g/L, 2 g/L, 4 g/L, 8 g/L, and 10 g/L, while
pH was set to 2, 3, 4, 5, 6, 7, 8, 9, 10, respectively.

2.2.3. Adsorption Isotherm Experiment

The analysis of adsorption isotherms aims to ascertain the adsorption capacity of the
three adsorbents for Cr (VI). The initial concentration range of Cr (VI) was set from 5 to
200 mg/L. The mass of the adsorbent added to the 50 mL Cr (VI) solution was 0.05 g, the
reaction time was 24 h, the solution maintained a pH of 2, and the temperature of the
reaction system was set at 25 ◦C, 35 ◦C, and 45 ◦C. The data were fitted using three widely
recognized isothermal adsorption models, and the experimental results of the adsorption
isotherm were thoroughly analyzed.

2.2.4. Adsorption Kinetics Experiment

The adsorption kinetic experiments, along with the corresponding fitting equations,
aim to elucidate the speed of the adsorption reaction and its underlying mechanism. Three
distinct adsorbent materials underwent adsorption kinetics testing under identical reaction
conditions. Specifically, 0.05 g of material was introduced to 50 mL of Cr (VI) solution
with an initial concentration of 50 mg/L, while maintaining a reaction system pH of 2 and
a temperature of 25 ◦C. Samples of the supernatant were extracted at specific intervals,
including 5 min, 10 min, 20 min, 30 min, 50 min, 70 min, 90 min, 180 min, 240 min,
480 min, 960 min, and 1440 min. These samples were subsequently filtered to determine
the concentration of Cr (VI).

2.2.5. The Reusability of CTS@nZVI-WSPC

To evaluate the reavailability of CTS@nZVI-WSPC, we carried out repeatability tests
under fixed experimental conditions. The experimental conditions were set to pH = 2.0,
Cr (VI) = 50.0 mg/L, and dose = 1.0 g/L. After each reaction process, we recovered the
solid-phase adsorbent CTS@nZVI-WSPC composite using a magnetic material, followed
by washing and drying with purified water. The experiments were repeated five times.

3. Results and Discussion

3.1. Characterization

The scanning electron microscope was employed to examine the morphological charac-
teristics of WSPC, nZVI-WSPC, and CTS@nZVI-WSPC materials. As depicted in Figure 2a,
wheat straw biochar exhibits a distinctive, regular, and porous structure, with an average
pore size distribution below 5 μm. The composite biochar displays notable morphological
features. On the nZVI-WSPC surface Figure 2b, a uniform distribution of heterogeneous
spherical particles is evident, indicating a dispersion of nZVI nanoparticles rather than
aggregation on the WSPC. This dispersion significantly enhances the adsorption sites of
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nZVI-WSPC [26]. Figure 2c illustrates the morphological structure of CTS@nZVI-WSPC,
revealing that the introduction of CTS renders the material surface rougher. This alteration
enhances the dispersion and structural stability of n-ZVI on the WSPC surface. EDS re-
sults further confirm the composite’s composition, revealing the presence of C, O, and Fe.
These findings affirm the successful loading of nano-zero-valent iron or iron oxide onto the
biochar surface.

Figure 2. SEM and EDS image of three materials (a) SEM of WSPC; (b) SEM of nZVI-WSPC; (c) SEM
of CTS@nZVI-WSPC; (d) EDS of WSPC; (e) EDS of nZVI-WSPC; (f) EDS of CTS@nZVI-WSPC.

Raman spectroscopy is an effective means to demonstrate the structure of carbon
materials. Both the D and G peaks are recognized as Raman characteristic features of
carbon atomic crystals, located at around 1350 cm−1 and 1580 cm−1, respectively. The D
peak reflects the carbon lattice defects, while the G peak signifies the material’s degree of
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carbonization [27]. In this study, I(D)/I(G) represents the area ratio of the D peak to the G
peak, with a larger ratio indicating a higher level of defects in the carbon atomic crystal.

The characteristic peaks of the three materials were fitted using the Gauss model,
yielding termination coefficients (R2) of 0.961, 0.972, and 0.963 for WSPC, nZVI-WSPC,
and CTS@nZVI-WSPC, respectively. These values signify a robust degree of carbonization
and prominent characteristic peaks in all three materials. As depicted in Figure 3a, the
I(D)/I(G) ratios for WSPC, nZVI-WSPC, and CTS@nZVI-WSPC were 0.295, 0.415, and 0.434,
respectively. This suggested an increasing degree of defects in the latter two composites,
which is advantageous for providing more active sites for subsequent reactions.

 
(a) (b) 

 
(c) (d) 

Figure 3. Characterization results of three materials: (a) The Raman analysis map; (b) FTIR curves;
(c) XRD patterns; (d) N2 adsorption-desorption isotherms of CTS@nZVI-WSPC.

The qualitative analysis of surface functional group species in three distinct materials
using FTIR is presented in Figure 3b. All materials exhibit absorption peaks at 1095 cm−1

and 1632 cm−1, which are characteristic of the functional groups inherent to biochar
itself [28]. For peak around 1632 cm−1 is linked to the C=O stretching vibration of ester
and the tensile vibration of O-H, and the wavenumber at 1095 cm−1 signifies the vibration
absorption peak of C-O [29,30]. Nanozero-valent iron minimally influences the surface
functional groups of the biochar. Upon the introduction of CTS, a contraction absorption
peak emerges within the wide peak range from 3328 to 3526 cm−1, indicating the presence
of intramolecular and intermolecular hydrogen bonds in the CTS intramolecular hydroxyl
and amino groups. The loading of CTS-nZVI preserved the structural stability of the
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biochar itself, allowing the C-H and C=C functional groups on the surface to directly or
indirectly participate in and enhance the subsequent adsorption process.

Through the XRD characterization of the three materials, a distinctive diffraction
peak appears near 20◦, as illustrated in Figure 3c. Comparison with the PDF card, the
characteristic peak suggested the presence of certain carbon material composition in the
three materials [31]. The introduction of nZVI and CTS did not alter the structure and
composition of the original biological carbon. No significant deviation was observed
in the characteristic peaks of nZV-WSPC and CTS@nZVI-WSPC, indicating a minimal
difference in their crystal structure. This is attributed to the fact that CTS acts as a natural
polymer polysaccharide, with characteristic diffraction peaks predominantly occurring
at 10–20◦. The appearance of this characteristic peak is a result of intermolecular or
intramolecular hydrogen bonds stemming from the presence of -OH and -NH2 functional
groups in CTS [32,33]. Many salts or oxides tend to disperse on the carrier surface to
form monolayers and submonolayers. In the case where the loading amount is below a
certain threshold, a monolayer dispersion state is maintained, and the active component
cannot be detected by X-ray. From the XRD profile, it is evident that nZVI was successfully
synthesized in both composites. The diffraction peaks are located at 30.27◦, 35.68◦, 44.5◦,
57.4◦, and 63.25◦, corresponding to different forms of iron (Fe), with the peaks at 44.5◦ and
63.25◦ specifically indicating the presence of nano-zero-valent iron, as reported in various
literature sources [34]. Moreover, the diffraction peaks of CTS@nZVI-WSPC at 2θ = 29.9◦,
40.17◦, and 55.08◦ align well with the ferric oxide standard card, which appears after the
adsorption reaction [35,36]. The characteristic peak band at 35.19◦ represents the formation
of ferric oxide, suggesting that the composite may undergo oxidation after the reduction by
iron particles, which is consistent with the XPS analysis results. The comprehensive analysis
showed that the introduction of nZVI and chitosan did not alter the carbon structure of the
raw wheat straw. After the reaction, the material’s structure remained largely unchanged,
retaining a stable morphology.

As depicted in Figure 3d, the nitrogen adsorption-desorption isotherm of CTS@nZVI-
WSPC exhibits a closed loop, which corresponds to I-type isotherms (IUPAC classification)
and H4-type hysteresis loop [37]. According to the extended isotherm, the curve shows
a steep rise followed by a plateau, indicative of micro-porous structure and monolayer
reversible adsorption consistent with the results of the isothermal adsorption fitting. This
adsorption generally occurs in microporous materials and mesoporous materials with pore
sizes very close to micropores [18], which showed a strong agreement with the biochar
pore structure observed by SEM.

3.2. Batch Experiments
3.2.1. Effect of Ratio

The standard curve for hexavalent chromium determination was shown in Figure 4a.
A series of adsorbents synthesized from chitosan (CTS) and nZVI-WSPC with varying
mass ratios were employed for the comparative adsorption of hexavalent chromium in
aqueous solutions, and the results are presented in Figure 4b. As depicted in the figure, at a
constant adsorbent mass (dose = 0.05 g), nZVI-WSPC exhibits a more pronounced impact
on the adsorption of Cr (VI) in water compared to CTS alone. The composite materials
demonstrated a higher adsorption capacity for Cr (VI) in water than nZVI-WSPC alone,
reaching a maximum value of 39.78 mg/g at the mass ratio m(CTS):m(nZVI-WSPC) = 1:3.
However, with a continuous increase in the CTS content, the adsorption capacity of the ma-
terial gradually decreased. The modification of nZVI-WSPC by chitosan proved beneficial
for the adsorption of Cr (VI) in water. Excessive CTS may impede the contact of nano-ZVI
or biochar with hexavalent chromium, thereby reducing adsorption efficiency [38]. Based
on the obtained experimental data, the optimal mass ratio of chitosan to nZVI-WSPC was
determined to be 1:3, and this ratio was employed in subsequent experiments.
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Figure 4. (a) Standard curve for hexavalent chromium determination; (b) ratio of CTS to nZVI-WSPC
(C0 = 50 mg/L, T = 25 ◦C, t = 24 h, dose = 0.05 g, pH = 7.0); (c) dose of adsorbent (C0 = 50 mg/L,
T = 25 ◦C, t = 24 h, pH = 7.0); (d) pH (C0 = 50 mg/L, T = 25 ◦C, t = 24 h, dose = 0.05 g).

3.2.2. Effect of the Dose of Adsorbent

The quantity of adsorbent directly influences the adsorption effectiveness. Figure 4c
illustrates the experimental results demonstrating the impact of varying material dosages
on the adsorption capacity of Cr (VI) solution. Under the same reaction conditions, WSPC,
nZVI-WSPC, and CTS@nZVI-WSPC all exhibited similar adsorption trends. As the dosage
increased, the adsorption amount of Cr(VI) gradually decreased, while the adsorption rate
steadily increased. This can be explained by the fact that when the solution concentration
is constant, an increase in dosage leads to a proportional increase in the number of active
adsorption sites available on the material [39]. However, as the adsorption of solutes
in solution approaches saturation, an excess of active adsorption sites occurs, reducing
the adsorption efficiency per unit mass of the material. Both modified materials showed
improved adsorption properties to some extent. It is worth noting that the pH of the
reaction system was not adjusted during these experiments, so the three adsorbents did
not achieve their optimal performance.

3.2.3. Effect of Initial pH

Under the same experimental conditions, the adsorption efficiency of Cr (VI) in water
was compared under different initial pH conditions. The results are presented in Figure 4d.
Across solutions with pH values ranging from 2 to 10, the adsorption of Cr (VI) by all three
materials exhibited a decrease with increasing pH. At pH 2, the adsorption reached its
maximum, with the adsorption capacities of WSPC, nZVI-WSPC, and CTS@nZVI-WSPC
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reaching 21.25 mg/g, 33.26 mg/g, and 43.28 mg/g, respectively—significantly higher than
under neutral and alkaline conditions. This suggests that pH is a crucial factor influencing
the removal properties of the materials.

Numerous studies have shown that Cr (VI) may have different ionic forms in aqueous
solutions. In the acidic environment of pH < 5.0, the primary form is hydrogen chromate
(HCrO4

−), and with increasing pH, Cr (VI) mainly exists as chromate ions (CrO4
2−). Since

the adsorption-free energy of HCrO4
− is lower than that of CrO4

2−, HCrO4
− at low

pH is more adsorbed to CrO4
2− than at high pH [40]. In this study, WSPC underwent

pretreatment modification using KOH; hence, the introduction of OH− would lead to
competitive adsorption under alkaline conditions, reducing the material’s adsorption
capacity [41].

Under acidic conditions, the oxide layer on the surface of nZVI was disrupted, expos-
ing more Fe0 sites for the reduction reaction of Cr (VI). However, under alkaline conditions,
Fe tends to form a co-precipitate on the surface of nZVI-WSPC, leading to the passivation
of the material surface and limiting the reaction. Furthermore, Cr (VI) has a high positive
redox potential under acidic conditions (pH = 1, E0 = 1.3 V; pH = 5, E0 = 0.68 V), so the
reaction between nZVI and Cr (VI) is very rapid [42]. In addition, the contact between nZVI
and Cr (VI) also contributes to the iron corrosion caused by H+ under acidic conditions.
Under neutral or alkaline conditions, Cr3+ and Fe3+ will form a precipitate covering the
nZVI surface to rapidly inactivate it [43].

In contrast, CTS@nZVI-WSPC was less influenced by pH than the other two mate-
rials. On the one hand, the introduction of CTS enhances the mechanical stability of the
material; on the other hand, under acidic conditions, the amino group (NH2) of chitosan is
readily protonated to form (NH3

+), acquiring a positive charge and facilitating adsorption
with HCrO4

−, resulting in increased anion adsorption by the adsorbent in acidic envi-
ronments [44]. Under alkaline conditions, the decreased adsorption can be attributed to
electrostatic repulsion on the deprotonated CTS@nZVI-WSPC surface and increased com-
petition for more hydroxide ions. At the same time, it was obvious that CTS@nZVI-WSPC
is less sensitive to pH than the other two materials, thus it can be suitable for the removal
of Cr in a wide range of pH.

3.3. Adsorption Isotherm

In this study, CTS@nZVI-WSPC was employed to investigate the adsorption behavior
and mechanism of Cr (VI). As depicted in Table 1 and Figure S1, the Langmuir model proved
to be more effective in elucidating the adsorption behavior of Cr (VI) on the surfaces of the
adsorbent, with fitting coefficients exceeding 0.99. Under the reaction conditions at pH = 2,
the corresponding maximum adsorption capacities reached 111.23 mg/g, 125.00 mg/g,
and 147.93 mg/g at different temperatures with 25 ◦C, 35 ◦C, and 45 ◦C, respectively.
Langmuir model is well-suited for describing a uniform single adsorption process, where
each molecule possesses constant thermal energy and an equal number of adsorption
points [45]. The correlation coefficient of the Langmuir is highest at all three temperatures.
This indicates that the adsorption process is mainly monolayer adsorption, and Cr (VI) is
monolayer adsorption on the surface of the material. Secondly, the characteristic coefficient
of the reaction adsorption degree (KF) is positively correlated with the adsorption amount.
As the temperature increases, the KF increases, indicating that the increase in the reaction
temperature is conducive to the adsorption of Cr (VI) in the solution [46].

Temperature is a critical factor influencing the adsorption capacity of the solid–liquid
phase medium [47]. In this study, the impact of temperatures of 298 K, 308 K, and 318 K
on Cr (VI) with CTS@nZVI-WSPC was investigated. The findings indicated that the
adsorption amount rises with increasing temperature, suggesting an endothermic nature of
the adsorption process. The outcomes of the thermodynamic calculations are detailed in
Table S1.
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Table 1. Adsorption isotherm fitting parameters of different materials.

Langmuir Freundlich Temkin

Qm

mg/g
KL

L/mg
R2 KF n R2 A B R2

25 ◦C 111.23 0.0037 0.9920 12.116 2.1683 0.9769 1.3573 17.1767 0.9074
35 ◦C CTS@nZVI-WSPC 125.00 0.0405 0.9956 12.965 2.2762 0.9795 1.3671 19.9112 0.9242
45 ◦C 147.93 0.0686 0.9821 14.532 1.8126 0.9580 1.3788 25.1972 0.9572

Based on the data, the free energy decreases as the temperature rises, indicating higher
adsorption efficiency at elevated temperatures. Both the enthalpy and entropy changes are
positive, signifying an endothermic adsorption process that can spontaneously occur at
higher temperatures. The increased degree of disorder in the reaction enhances structural
disturbance during the adsorption process, facilitating solid–liquid phase contact and
thereby augmenting the adsorption capacity.

3.4. Adsorption Kinetics

The investigation into adsorption kinetics provides insights into the rate of adsorption
and the primary steps involved in the confinement of the adsorbent. As depicted in
Figure S2, the adsorption rate of CTS@nZVI-WSPC was notably swift in the initial stages of
the reaction. The adsorption kinetics at different temperatures showed the same trend. At
90 min, the adsorption rate did not change over time. At this time, the adsorption capacity
at 25 ◦C, 35 ◦C, and 45 ◦C reached 41.06 mg/g, 43.23 mg/g, and 48.59 mg/g, respectively.
This suggests that a substantial portion of adsorption occurs in the early phase of the
adsorption process. Subsequently, owing to the reduction in available adsorption sites, the
adsorption capacity of the adsorbent ceases to improve, ultimately reaching saturation.

In this experiment, several kinetic models were used to analyze the adsorption be-
havior of Cr (VI). As can be seen, the highest R2 was achieved by fitting data with the
Pseudo-second model (Table 2), with the fitted Qe value basically matching the actual
value. Accordingly, we believed that the adsorption reaction process of Cr (VI) was mainly
dominated by physical and chemical adsorption [48].

Table 2. Adsorption kinetics fitting parameters of CTS@nZVI-WSPC.

Pseudo-First-Order Pseudo-Second-Order Intra-Particle

Qe

mg/g
K1

L/mg
R2 Qe

mg/g
K2 R2 Kp1 Kp2

25 ◦C 42.826 0.1410 0.9611 41.271 0.0047 0.9999 1.95 0.002
35 ◦C CTS@nZVI-WSPC 44.511 0.1468 0.9309 44.762 0.0054 0.9999 2.23 0.015
45 ◦C 47.816 0.2088 0.9649 47.984 0.0089 0.9999 1.91 0.049

To elucidate the adsorption mechanism comprehensively, the intra-particulate dif-
fusion model was employed to delineate the adsorption process in greater detail. The
fitting results revealed the presence of boundary layer diffusion, intra-particle diffusion,
and adsorption equilibrium throughout the adsorption of Cr (VI) by the CTS@nZVI-WSPC,
signifying that internal diffusion does not singularly govern the adsorption process. A
higher slope in the diffusion process within the particles indicates swifter boundary layer
diffusion [49,50]. Notably, during the initial 60 min of the first stage, the slopes of the linear
fitting curve were 1.95, 2.23, and 1.91, significantly larger than the subsequent two stages.
This stage can be interpreted as the rapid diffusion stage, characterized by the driving force
stemming from the substantial concentration difference between solid-liquid phase Cr (VI)
and the porous structure of the composite material. This results in rapid adsorption under
physical adsorption, driven by electrostatic action. The second stage (60–1440 min) was
the slow adsorption stage, marked by a diminishing adsorption rate. Particle diffusion
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emerged as the predominant factor limiting the adsorption rate. As the adsorption reaction
progressed, the adsorption sites approached saturation, leading to a continuous decline in
the rate until equilibrium was reached [51].

3.5. Reusability of CTS@nZVI-WSPC

To investigate the reuse capacity of CTS@nZVI-WSPC, we collected the adsorbent
particles using magnets at the end of each reaction, washed them with water, and dried them
before subsequent use. As shown in Figure 5a, the removal rates for five consecutive runs
were 95.8%, 90.36%, 85.11%, 78.37%, and 70.29%, respectively. These results demonstrate
that CTS@nZVI-WSPC is effectively reusable. The removal efficiency in the first cycle is
higher due to the availability of active sites. However, in subsequent runs, the number of
binding sites decreases. Additionally, the removal efficiency declines in successive cycles
due to the oxidation of nZVI and the formation of a passivation layer. It was noteworthy
that the main form of Fe in the acidic system where the reaction proceeds was Fe (III)
(Figure 5b), which may be due to the rapid oxidation of Fe (II) by reducing Cr (VI) [52,53].
Likewise, the leaching concentration of iron was relatively stable, and it may be related to
the certain wrapping properties of chitosan.

 
(a) (b) 

Figure 5. (a) Removal efficiency of CTS@nZVI-WSPC composite after five uses; (b) Changes in Fe
concentrations during the reaction (condition: C0 = 50 mg/L, T = 25, t = 24 h, dose = 0.05 g, pH = 2).

3.6. XPS Analysis

XPS analysis results are presented in Figure 6a–d. Comparison of the total spectra
before and after the adsorption reaction reveals distinct Cr characteristic peaks, predomi-
nantly located near 577 eV and 585 eV. This observation suggests that the majority of the
Cr(VI) species involved in the reaction have undergone reduction to Cr(III) [54]. Figure 6b
provided an in-depth analysis and comparative study of the Fe XPS spectra pre-reaction.
The electron energy spectrum exhibits original Fe characteristic peaks primarily at approx-
imately 711 eV and 724 eV [55]. Following deconvolution, four resolved peaks emerge
at 710.28 eV, 723.7 eV, 712.06 eV, and 725.51 eV, corresponding to Fe2p3/2 and Fe2p1/2
orbitals for Fe(II), as well as Fe2p3/2 and Fe2p1/2 orbitals for Fe(III). The compositional
analysis based on fitted peak areas reveals Fe(II) and Fe(III) contents of 50.95% and 49.05%,
respectively. After the reaction, the Fe2p3/2 orbital of Fe(II) at 710.28 eV undergoes a
leftward shift to 711.06 eV, indicative of Fe(II) consumption during the reduction reaction
of Cr(VI). Consequently, the Fe(II) content decreases to 36.24% post-reaction compared to
its initial level, thereby corroborating the aforementioned deductions.
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Figure 6. (a) Wide scan XPS analysis before and after reaction; (b) narrow scan of Fe before and after
reaction; (c) narrow scan of O before and after reaction; (d) narrow scan of Cr after reaction.

As shown in Figure 6c, the characteristic peaks of O1s appear at the 530.7 eV and
532.2 eV binding energies, respectively, indicating that oxygen exists mainly in the form
of O2-and [56]. After the adsorption reaction, the two oxygen peaks experience a shift
of about 0.7 eV; this shift indicates that the oxygen-active group participates in the redox
reaction between Fe and Cr. The characteristic main peaks of Cr that appeared after the
reaction correspond to 577 ev and 585 ev, respectively [57]. After peak division processing,
we can see that the characteristic peaks of Cr (III) 2p3/2 orbit appear near 576.73 ev
and 577.72 ev, and the characteristic peaks of Cr (III) 2p1/2 orbit appear near 586.47 ev
and 586.12 ev, respectively. Moreover, the peak strength signal of trivalent chromium is
relatively significant, indicating that the reduction of hexavalent chromium has occurred
significantly (Figure 6d).

3.7. Discussion of Adsorption Mechanism

Based on the relevant experimental results and fitting analysis, we assert that CTS@nZVI-
WSPC represents a novel green biomass-modified adsorption material. The adsorption
mechanism targeting Cr (VI) in water is postulated to encompass pore adsorption, chemical
reduction, chelation reactions, and electrostatic interactions [58], as shown in Figure 7.
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Figure 7. Diagram of the adsorption reaction mechanism.

The adsorption efficiency of wheat straw biochar (WSPC) was relatively limited,
primarily attributed to the high carbon content and pronounced aromaticity developed
during the high-temperature carbonization process of wheat straw. Furthermore, the wheat
straw employed in this experiment underwent carbonization with the introduction of KOH
as a modifier, proving advantageous not only in enhancing the biochar’s pore structure but
also in incorporating hydroxyl groups into the material’s framework, as substantiated by
Fourier infrared photoskin analysis [59]. As shown in Figure 7, CTS@nZVI-WSPC has a
developed pore structure and can provide sufficient adsorption points for Cr (VI).

During the adsorption process, nanoscale zero-valent iron (nZVI) plays a crucial role
in reducing the toxicity of Cr (VI) owing to its robust reduction capacity. Concurrently,
Fe (II) generated in the reduction process also contributes to the reduction of Cr (VI) [60].
The newly formed Cr (III), with an atomic radius nearly identical to Fe (II), tends to pre-
cipitate onto the nanomaterial’s surface in the form of complexes [61,62]. Additionally, a
normalization reaction might occur between nZVI and Fe (III), generating more Fe (II),
thereby enhancing the thoroughness of the reaction process and improving the material’s
adsorption performance to some extent. Furthermore, chitosan served as a stabilizer in the
preparation of nanoscale zero-valent iron (nZVI), significantly enhancing its dispersity and
preventing aggregation. Through effective modification, there was a significant increase
in the adsorption capacity with the new adsorbent CTS@nZVI-WSPC, and the composite
exhibited optimal adsorption performance at lower pH values. The presence of more coor-
dination heteroatoms (-OH, -NH) provided by chitosan further improved the adsorption
performance compared to the other two materials.

4. Conclusions

Utilizing wheat straw as the raw material, an amino-functionalized material was
synthesized through a stepwise modification process, presenting itself as a potential alter-
native adsorbent for Cr (VI) in water. In comparison to a singular biochar, the modified
material exhibits superior reduction and adsorption performance. Based on the above
research, we can infer that the composite material of CTS@nZVI-WSPC may become a
reliable adsorbent for environmental remediation due to its green, low-cost, and excellent
adsorption performance. However, they still face many challenges in large-scale applica-
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tions. For example, the synthesis of biochar still relies on high-temperature calcination
methods, which have high energy consumption and are not conducive to large-scale use.
Additionally, in the discussion of mechanism synthesis and limiting steps, more in-depth
discussions are needed, which will be our focus in future efforts.
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Abstract: Currently, there is an increasing need to find new ways to purify water by eliminating
bacterial biofilms, textile dyes, and toxic water pollutants. These contaminants pose significant risks
to both human health and the environment. To address this issue, in this study, we have developed an
eco-friendly approach that involves synthesizing a cobalt-doped cerium iron oxide (CCIO) nanocom-
posite (NC) using an aqueous extract of Gossypium arboreum L. stalks. The resulting nanoparticles
can be used to effectively purify water and tackle the challenges associated with these harmful
pollutants. Nanoparticles excel in water pollutant removal by providing a high surface area for
efficient adsorption, versatile design for the simultaneous removal of multiple contaminants, catalytic
properties for organic pollutant degradation, and magnetic features for easy separation, offering
cost-effective and sustainable water treatment solutions. A CCIO nanocomposite was synthesized via
a green co-precipitation method utilizing biomolecules and co-enzymes extracted from the aqueous
solution of Gossypium arboreum L. stalk. This single-step synthesis process was accomplished within
a 5-h reaction period. Furthermore, the synthesis of nanocomposites was confirmed by various
characterization techniques such as Fourier-transform infrared (FT-IR) spectroscopy, X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM), transmission electron microscopy
(TEM), thermogravimetric analysis (TGA), dynamic light scattering (DLS), and energy dispersive
X-ray (EDX) technology. CCIO NCs were discovered to have a spherical shape and an average size
of 40 nm. Based on DLS zeta potential analysis, CCIO NCs were found to be anionic. CCIO NCs
also showed significant antimicrobial and antioxidant activity. Overall, considering their physical
and chemical properties, the application of CCIO NCs for the adsorption of various dyes (~91%) and
water pollutants (chromium = ~60%) has been considered here since they exhibit great adsorption
capacity owing to their microporous structure, and represent a step forward in water purification.

Keywords: green synthesis; co-precipitation; adsorption; dye removal; pollutant removal; cotton
stalks; wastewater treatment; adsorption capacity

1. Introduction

Water pollutants pose significant environmental and public health concerns. Environ-
mental consequences include the degradation of aquatic ecosystems, loss of biodiversity,
and disruption of ecological balance. Simultaneously, the contamination of water sources
increases public health risks, contributing to waterborne diseases, developmental issues,
and long-term health problems for communities reliant on a source with compromised
water quality. Water streams can be contaminated with a variety of toxic pollutants that
include halogenated hydrocarbons, heavy metals, dyes, surfactants, organic compounds,
salts, soluble bases, pesticides, and agricultural fertilizers [1]. Synthetic dyes, which are
extensively employed in textiles, pharmaceuticals, and numerous other industries, exhibit
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remarkable color stability and versatility. Hexavalent chromium is a highly toxic heavy
metal that is released into water bodies through industrial processes, including metal
plating, leather tanning, and textile manufacturing [2]. The ubiquity of these synthetic
colorants and metals in water bodies raises alarming concerns as once introduced into
aquatic ecosystems, they resist natural degradation processes, leading to their persistence
in water bodies, and they can be toxic depending on their chemical composition and
concentration [2,3].

Exposure to significant levels of organic/inorganic pollutants has been associated with
endocrine disruption, mutagenicity/genotoxicity, and cancer [3,4]. Consequently, nanopar-
ticles emerge as a transformative frontier in the quest for sustainable solutions, holding
promise for revolutionizing the landscape of synthetic dye and heavy metal removal [5–9].
In the case of pollutant removal techniques such as flocculation [10,11], ozonation [12],
membrane filtration [11,13], activated carbon adsorption [14], electrocoagulation [15,16],
sorption techniques [17,18], UV radiation [19], and biological treatment [20], their limita-
tions in terms of efficiency, selectivity, and environmental impact underscore the need for
innovative approaches.

Subsequent research focus has shifted to the expanding field of nanoparticle-mediated
pollutant removal, addressing the mechanisms by which nanoparticles interact with pol-
lutants and the factors influencing their effectiveness [21]. By reviewing the current state
of knowledge, this study aims to underscore the urgency of adopting environmentally
benign approaches for pollutant remediation, additionally highlighting the promising role
of nanoparticles in mitigating this global environmental challenge [7,22,23]. Au NPs [24],
Ag NPs [25,26], TiO2 NPs [27], SiO2 NPs [28,29], Fe2O3 NPs [30], and graphene oxide
NPs (GO) [31,32] are some of the prime examples of nanomaterial-mediated pollutant
remediation technologies.

Nanomaterials, with their increased surface area per unit mass, offer enhanced adsorp-
tion capacity. This mechanism involves the physical binding of pollutants to the surface
of nanomaterials. The attractive forces between the nanomaterial’s surface and the pollu-
tant molecules lead to their immobilization. This process is particularly effective for the
removal of organic pollutants, heavy metals, and even nanoparticles from water. Certain
nanomaterials possess catalytic properties, enabling them to facilitate chemical reactions
that transform pollutants into less harmful substances. This mechanism is prominent in the
degradation of organic pollutants. For instance, photocatalytic nanoparticles, like titanium
dioxide (TiO2) [27] or zinc oxide (ZnO) [33], can absorb light energy and generate reactive
oxygen species, initiating oxidation reactions that break down organic contaminants.

Nanomaterials can induce the precipitation of pollutants by acting as nucleation sites.
This is particularly relevant for the removal of heavy metals and ions from water. Function-
alized nanoparticles may promote the coagulation of suspended particles, facilitating their
removal through sedimentation or filtration processes [34]. Nanomaterials can undergo ion
exchange, where certain ions on the material’s surface are replaced by ions from the sur-
rounding water. This mechanism is effective for the removal of specific ions, such as heavy
metal ions. Ion exchange properties are often enhanced through surface functionalization,
allowing nanomaterials to selectively capture target ions [35–37].

Magnetic nanoparticles, which are endowed with magnetic properties, can be sep-
arated easily from water using external magnetic fields. This mechanism allows for the
recovery and reuse of nanomaterials, contributing to their cost-effectiveness. Magnetic sep-
aration is particularly advantageous for the removal of nanoparticles and other magnetic-
responsive pollutants. Nanomaterials with redox-active surfaces can participate in redox
reactions, facilitating either the reduction or oxidation of pollutants. This mechanism is
significant for the removal of contaminants that are susceptible to redox transformations.
Redox reactions can be harnessed for the removal of various pollutants, including organic
compounds and certain heavy metals [30,38].

Some nanomaterials exhibit inherent antibacterial properties, contributing to the re-
moval of pathogenic microorganisms in water. The disruption of microbial cell membranes
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or interference with cellular functions by nanomaterials can effectively mitigate waterborne
diseases [39,40]. In conclusion, nanomaterials offer a versatile toolkit for pollutant removal
in water, employing mechanisms such as adsorption, catalysis, precipitation, ion exchange,
magnetic separation, redox reactions, and antibacterial properties. The choice of nanoma-
terial and the optimization of its properties play a crucial role in designing effective and
sustainable water treatment strategies [9]. This study deals with the green synthesis of a
cobalt-doped cerium iron oxide (CCIO) nanocomposite (NC) using cotton stalks, a waste
material from agriculture that serves as a highly useful, low-cost, and abundantly available
material. Green chemistry is a method that aims to reduce waste products and prevent envi-
ronmental pollution with the aid of sustainable and environmentally friendly materials [8].
It entails the usage of natural resources, such as vegetation, microorganisms, enzymes, and
other renewable sources to synthesize various compounds and materials [40,41].

The goal of green synthesis is to develop processes that are secure and green, as well
as eco-friendly [26]. In this study, we have utilized cotton stalks as they are agricultural
waste; using them as a substrate for nanoparticle deposition aligns with the green chemistry
principles of utilizing renewable resources and reducing waste. This approach avoids the
need for synthetic or non-renewable materials as substrates. Additionally, the plant extracts
are abundant, renewable, and cost-effective compared to synthetic reagents. Hence, we
tested this plant waste for the synthesis of CCIO NCs, which proved its effective role in the
adsorption of various dyes and toxic metals, in addition to exhibiting potent antimicrobial
activity. These properties suggest promising applications for CCIO NCs in the removal of
both organic and inorganic pollutants from contaminated water sources. To our knowledge,
this is the first study about synthesizing CCIO NCs from Gossypium arboreum L. stalks,
in terms of their exceptional ability to adsorb contaminants (approximately 91%) via the
surface of NCs. The overall work performed in this study can be summarized as shown in
Figure 1.

Figure 1. Illustration of the application of synthesized CCIO NCs in water pollutant removal.

2. Materials and Methods

2.1. Materials

Cerium nitrate [Ce(NO3)3], cobalt chloride [CoCl2], potassium dichromate [K2Cr2O7],
2,2-diphenyl-1-picrylhydrazyl (DPPH), malachite green (MG), and safranin (SF) were
purchased from Himedia, Pune, India. Ferric chloride (FeCl3) was obtained from SD
Fine Chem, Mumbai, India. Methylene Blue (MB) was bought from SISCO Research
Laboratories, Mumbai, India. All other reagents and chemicals were purchased locally.
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2.2. Synthesis of Cobalt-Doped Cerium Iron Oxide Nanocomposites (CCIO NCs)

The stalks of Gossypium arboreum L. were collected from Nagpur, Maharashtra, India.
After washing and heat-drying, the stalks were crushed into small pieces. First, 50 g of
the crushed stalks were soaked in 500 mL of distilled water and kept in a water bath at
80 ◦C for 3 h [42]. All the wooden residues were removed by filtration, using a muslin cloth
and centrifugation of the extract [8,26,43]. The synthesis of CCIO nanocomposites was
performed by co-precipitation, a green synthesis method. In the prepared aqueous extract
of Gossypium arboreum L. stalks (500 mL), 200 Mm each of Ce(NO3)3, FeCl3, and CoCl2 were
added stepwise in the mentioned order and kept under stirring at 50 ◦C for 30 min, then
overnight with stirring at 30 ◦C. A dark-colored solution appeared after overnight stirring
and the mixture was further centrifuged at 10,000 rpm for 10 min to obtain the precipitate.
The obtained precipitate was further washed in distilled water thrice, followed by ethanol
washing. The obtained brown-black-colored pellet was retained for drying at 50 ◦C.

2.3. Characterization of Synthesized CCIO NCs

Fourier-transform infrared (FT-IR Thermo Fisher Scientific, Waltham, MA, USA) spec-
troscopy was conducted to observe the functional groups, stretching vibrations, and ab-
sorption peaks present on the surface of nanocomposites. Field-emission scanning electron
microscopy (FE-SEM) analysis was performed to study the morphology of the CCIO NCs.
Furthermore, the sizes of the CCIO NCs were estimated using transmission electron mi-
croscopy (TEM) (Carl Zeiss, Libra 120 Oberkochen, Germany) at a voltage of 120 Kv [44–46].
The elemental composition of the NCs was determined using EDX (Thermo Fisher Sci-
entific, Waltham, MA, USA) analysis. The X-ray diffraction (XRD) [47] pattern of CCIO
NCs was obtained using Cu-Kβ radiation, along with a scintillation counter detector. For
smoothening the data, the Savitzky–Golay (SG) digital filtering method was applied. To
study the thermostability of the synthesized NCs, thermogravimetric analysis (TGA) was
performed. The Malvern Panalytical zeta sizer Nano Z instrument (Malvern, UK) was used
to study the zeta potential of the nanocomposites [48].

2.4. Preparation of Cationic Dyes

The catalytic properties of CCIO nanocomposites (NCs) for dye decolorization were
assessed, as follows. Different concentrations (1, 2, 3, 4, 5, and 10 mg) of CCIO NCs
were prepared, to which 10 mL of 100 ppm safranin, malachite green, and methylene
blue dyes were added. The solution was stirred for 6 h to check the degradation rate.
The dye decolorization process was analyzed by UV–vis spectrophotometer (Thermo
Scientific Multiskan EX) [49]. The prepared dye solution (0.1 mg/mL) was used as the
control. Eventually, the treatment solution was centrifuged at 7000 rpm for 5 min, and the
absorbance (200 nm–800 nm) was measured with a Thermo Fisher Scientific microplate
reader. Experiments were performed in triplicate and the mean percentage value was
recorded [50,51].

2.5. Preparation of Hexavalent Chromium Solution

Analytical grade K2Cr2O7 was dissolved in 10 mL of distilled water to prepare
0.25 mg/mL of chromium sample solution [52]. Based on the standardized concentra-
tion of CCIO NCs for dye adsorption, a 4 mg/mL concentration was selected to check its
adsorption performance against hexavalent chromium ions.

2.6. Adsorption Analysis

To investigate the effect of CCIO NCs on dye as well as for heavy metal removal, the
samples were checked for any residual dye/metal at a neutral pH and at room temperature
using the absorbance spectra. The adsorption capacity (Q0) and percentage of removal (RE)
were calculated using the following formulas:

Q0 =
Di − Df

W
×V (1)
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RE (%) =
Di − Df

Di
×100 (2)

where Di and Df are the initial and final absorbance; W is the weight of the adsorbent in g;
and V is the volume of the dye solution in liters (L) [53].

2.7. Antioxidant Activity

A DPPH assay was employed to measure the scavenging activity of the synthesized
NC antioxidants [26,54]. For this assay, 50 mL of 0.1 mM DPPH in methanol was prepared.
Then, 0.5 mL of DPPH solution and 0.25 mL of sample solution were mixed and incubated
for 30 min at 37 ◦C. (Additionally, the assay was performed in triplicate, after which the
mean value was considered.) After 30 min, absorbance was measured at 517 nm, using
the spectrophotometer. Also, the radical scavenging activity was measured using the
following equation:

Radical scavenging activity (%) =

(
Ac − As

Ac

)
×100 (3)

where As = absorbance of the sample, and Ac = absorbance of the control, measured at
517 nm each.

2.8. Antimicrobial Activity

The antibacterial activity of CCIO NCs was assessed against Staphylococcus aureus and
Escherichia coli bacteria, using the agar well diffusion method. CCIO NCs were sterilized
under UV light for about 30 min. Then 10 mg/mL of suspension was prepared in sterile
distilled water and sonicated for 5 min to prepare a homogeneous suspension. Then, 100 μL
of bacterial culture was spread over nutrient agar plates. Wells were prepared on both
plates using a sterile borer and 50 and 100 μL of CCIO NCs suspension was added to the
wells. Then, all the plates were incubated for 24 h at 37 ◦C. The diameter of the zone of
inhibition was then determined to calculate the rate of bacterial growth.

2.9. Recycling and Reuse of Used CCIO NCs

The NCs were recovered from the reaction mixture using sonication and Buchner
filtration with Whatman filter paper and were then washed with ethanol and double-
distilled water, and retained for heat drying [55]. The used NCs were washed 3 times with
70% ethanol. The samples were then dried in a hot air oven for further use. The reusability
experiments were carried out using MB dye (5 mg/mL) for 4 succeeding cycles [53].

3. Results and Discussion

3.1. Synthesis and Characterization of the Synthesized CCIO NCs

During the synthesis of NCs, the plant extract (aqueous), which is added to the metal
salt solution (acting as a precursor), facilitates the reduction of metal ions to their zero-valent
metallic state. Furthermore, the metal ions nucleate and start to grow into nanoparticles in
the presence of stabilizing agents that are present in the plant extract. To understand the
structural and morphological characteristics of the synthesized CCIO NCs, SEM and TEM
imaging were performed. As shown in Figure 2A, SEM analysis demonstrated that the
particles were spherical in shape and were mostly in an aggregated form. The average size
of the CCIO NCs was found to be 40 nm using TEM analysis, confirming that the CCIO
NCs had been synthesized, as shown in Figure 2B.
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Figure 2. Characterization of CCIO NCs using (A) SEM, (B) TEM, (C) EDX, (D) FTIR, (E) zeta
potential, and (F) XRD.
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Then, EDX analysis was conducted to find out the percentages of elements present
in the synthesized CCIO NCs. The position of the peaks from the EDX analysis confirms
the elemental composition of the CCIO NCs. As depicted in Figure 2C, the peaks at
4.8 keV, 6.2 keV, and 7.1 keV confirm the presence of cerium, iron, and cobalt elements. In
addition, carbon (44.22%) and oxygen (35.48%) were detected (Figure 2C). EDX analysis
substantiated the finding that CCIO NCs consist of cerium, cobalt, and iron, with a higher
mass percentage of iron than cerium and cobalt [56].

To validate the successful formation of CCIO NCs, FT-IR spectroscopy was admin-
istered, as seen in Figure 2D. The FT-IR spectra of CCIO showed an absorption peak at
1373 cm−1, which is associated with phenol O–H stretching. The peaks rising at 1235 and
2116 cm−1 were attributed to the C–N and C≡C vibrations, respectively. The broad band
appearing at 3384.08 cm−1 corresponds to the alcohol O–H stretch. The peaks at 1988.46 and
2920.32 cm−1 were ascribed to the presence of an aromatic compound and alkane due to
the C–H stretch, whereas the peak arising at 1606 cm−1 was linked to an alkene (conjugated
or cyclic) [43,45,57,58]. The presence of phenols, aromatic compounds, and alkanes in the
NCs derived from cotton stalks is a result of the thermal decomposition (via a water bath)
of cellulose, lignin, and hemicellulose into smaller molecular fragments, including phenols,
aromatic compounds (such as benzene rings), and aliphatic hydrocarbons (alkanes) that
are present in the cotton stalks. The zeta potential indicates the stability of the colloidal
system and was observed to be −16.8 mV (Figure 2E). The synthesized NCs are anionic
and stable, which proves that they have sufficient repulsive force to avoid flocculation [45].

XRD was used to analyze the degree of crystallinity of the synthesized nanocompos-
ites. The samples were scanned in the 2θ range of 15 to 80◦ and the crystallite size was
determined using data obtained during XRD analysis [59]. The XRD diffraction patterns of
the CCIO NCs are shown in Figure 2F, and show seven peaks corresponding to the (215),
(310), (410), (521), (430), and (300) planes. It is evident that all the peaks showed similarity
with the standard pattern, indicating that the synthesized material was pure. The crystallite
size was calculated using Scherrer’s formula, which indicated a range of around 35–40 nm,
indicating the high crystallinity of CCIO NCs.

TGA was performed to investigate the thermostability of the CCIO NCs. As illus-
trated in Figure S2B, the thermogram showed primary degradation at around 70 ◦C and,
furthermore, degradation at around 200 ◦C. The weight loss percentage at the second stage
of degradation was observed to be higher than the initial one.

3.2. Adsorption Studies
3.2.1. Adsorption Performance of CCIO NCs for Cationic Dye Removal

A green co-precipitation method was employed to synthesize CCIO NCs and assess
their use for the adsorption of different cationic dyes such as safranin (SF), malachite
green (MG), and methylene blue (MB) from aqueous solutions. The CCIO NCs exhibited a
maximum adsorption capacity of 34.3 mg g−1 when using SF, followed by MB and MG,
respectively, thus confirming the possibility of their application in the remediation of dye
pollution [60]. The adsorbent was added to the aqueous solution of the dye and kept at
room temperature with constant stirring, which allowed the cationic dye to adsorb on
the anionic binding site of the CCIO NCs due to electrostatic forces, as seen in Figure 3.
Different concentrations of CCIO NCs were added to the aqueous dye solution and UV-vis
spectroscopy was performed at the 4th hour. Maximum dye removal was observed when a
5 mg/mL concentration of CCIO NCs was used in the case of all three dyes, as presented
in Figure 3A–C. Amongst the dyes used, CCIO NCs exhibited the maximum RE (%) when
using SF (92.87%) compared to MB (90.55%) and MG (89.34%), as shown in Figure 3D.
Overall, chitosanbased Fe3O4 NCs were used as adsorbents for MB removal and showed
an adsorption capacity of 0.62 to 0.95 mg/g [61]. Li et al. used silica-based chitosan NCs for
studying the adsorption behavior of NCs, which demonstrated an adsorption capacity of
43.03 mg g−1 for MB [60]. Sadiq et al. synthesized magnetic chitosan deep eutectic solvents
(MNCDES) to investigate their adsorption ability regarding MG. These studies showed

83



Nanomaterials 2024, 14, 1339

that MNCDES can adsorb 92.69% of MG dye [60]. In this study, the CCIO NCs showed an
almost similar adsorption performance, as reported in previous studies. However, most of
the studies have been conducted using chemically synthesized nanomaterials, whereas, in
this study, the CCIO NCs have been prepared using plant waste extract through a green
synthesis process. Hence, green-synthesized NCs have significant application potential in
the removal of dyes from wastewater sources.

Figure 3. UV-Vis spectra of: (A) SF at different concentrations (1–5 mg/mL), (B) MG at different
concentrations (1–5 mg/mL), (C) MB at (1–5 mg/mL), and (D) the regeneration efficiency (%) of
CCIO NCs using SF, MG, and MB dyes.

3.2.2. Adsorption Performance of CCIO NCs for Chromium Removal

Hexavalent chromium is a tremendously toxic metal of great concern that has been
found in water bodies. Several kinds of nanomaterials have been tested as adsorbents
for the removal of chromium (VI) from polluted water. However, traditional adsorbents
usually have a limited adsorption capacity, which limits their use in real-world applications.
In this study, CCIO NCs have been synthesized and studied for chromium (VI) removal
from wastewater, owing to their functionality, stability, and redox properties. As shown in
Figure 4, the absorbance peak for hexavalent chromium (VI) was observed at 350 nm. The
sharpness of this peak decreased significantly when the sample solution was incubated
for 6 h at room temperature in the presence of CCIO NCs. CCIO NCs unveiled excellent
adsorption capacity for chromium (VI) removal (~59.60%) from a solution, as displayed
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in Figure 4. From the FTIR analysis, it can be seen that the adsorption effect was due
to electrostatic interactions between the surface of the CCIO NCs and chromium (VI).
A reduction from chromium (VI) to (III) was ascribed to all the functional groups (e.g.,
–OH, –COOH, and –NH–) that were present on the CCIO NCs. These results corroborate
the conclusion that CCIO NCs have tremendous potential as an economical and efficient
adsorbent of chromium (VI) from polluted water.
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Figure 4. UV-Vis spectra for analyzing the adsorption capacity of CCIO NPs against chromium (VI).

3.2.3. Comparative Analysis

On the basis of the obtained results, maximum adsorption was obtained until 4 h into
the incubation period. Comparative analysis was performed for all three dyes, i.e., SF, MB,
and MG, using 10 mg/mL of CCIO concentration. The RE percentage of dye adsorption
onto the adsorbent CCIO NCs in 4 h followed the order of SF > MB > MG, as seen in
Figure 5. The feasibility of using CCIO NCs in wastewater treatment was investigated by
preparing a reaction mixture of dye (10 mg/mL) and the adsorbent. For the adsorption
capacity test, the sample was centrifuged and the supernatant was collected to determine
the residual dye concentration. Taking into consideration the concentration of CCIO NCs
that were utilized for the experiment, the results are highly promising when compared to
other studies [52,53,62].
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Figure 5. UV-Vis spectra of SF, MG, and MB at 10 mg/mL concentration.
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3.3. Radical Scavenging Activity

The odd electron of the nitrogen atom in DPPH is reduced by the hydrogen atom that
is received from the antioxidants, which reduces the color intensity (violet) (Figure 6). The
degree of color reduction was measured spectrophotometrically. As shown in Figure 6,
among the different concentrations of NCs, higher antioxidant activity (44%) was observed
with a 1.0 mg/mL concentration of CCIO NCs.
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Figure 6. Antioxidant activity of CCIO NCs at different concentrations (1–5 mg/mL).

3.4. Antimicrobial Activity

As shown in Figure 7, the agar diffusion method was used to determine the antimicro-
bial activity of CCIO NCs. As shown in Table 1, the antimicrobial activity of CCIO NCs
was measured against E. coli and S. aureus. The antimicrobial activity of CCIO NCs was
found to be slightly higher in S. aureus (19 mm) compared to E. coli (16.5 mm). Once a clear
zone had formed around the well containing NCs on the media plate, this exhibited proof
of inhibition against a particular bacterium.

S. aureus E. coli 

 
Figure 7. Antimicrobial activity of synthesized CCIO NPs against E. coli and S. aureus.

Table 1. Antimicrobial effect of CCIO NCs, using the agar well diffusion method.

Microorganisms/Sample

Antimicrobial Activity (Zone of Inhibition
(dia. in mm))

50 μL 100 μL

E. coli 11 16.5
S. aureus 13.5 19
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CCIO NCs. As per the reported studies to date, in addition to well-known antimicro-
bial AgNPs, other metal oxides (e.g., MgO, TiO2, Cu2O, ZnO, and CoFe2O4) have been
found to be effective against microorganisms [63,64]. The doping of CeFe2O5 NPs with
cobalt aided in improving their antimicrobial activity against both Gram-positive and
Gram-negative organisms, which is evident from previous studies [65]. The excellent
antimicrobial activity of CCIO NCs against E. coli and S. aureus microbes was attributed
to the size, functional groups, and charge that were present on the NCs’ surface [66]. The
obtained results obviously validate the application of a small amount of CCIO NCs in
wastewater treatment, which can reduce the numbers of various types of organisms within
a short period of time.

3.5. Reusability of CCIO NCs

In addition to good adsorption performance, reusability is a crucial parameter to
ensure an efficient, scalable, and economical system. To regenerate the adsorbent, ethanol
and methanol were found to be good eluents. Ethanol’s effectiveness in removing dyes
such as safranin, methylene blue, and malachite green from nanoparticles is attributed to
its ability to disrupt the electrostatic interactions between the dyes and the nanoparticle
surfaces. By solvating the dye molecules, ethanol facilitates their removal, enabling the
recovery and reuse of the nanoparticles. The effect of four consecutive regeneration cycles
was investigated for reused CCIO NCs using SF dye, as described in Section 2.9. The
reusability data are expressed with respect to regeneration efficiency (RE). As shown in
Figure 8, the CCIO NCs retained almost 85–90% of their adsorption capacity, even after
their fourth iteration of recycling. After each successive cycle, barely a 3.5–4% decrease
in adsorption performance was observed, indicating that the obtained CCIO NCs had
excellent stability, regenerability, and adsorptive properties. Therefore, CCIO can easily be
recycled and can act as an excellent cost-effective material for the rapid removal of cationic
dyes from an aqueous solution.
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Figure 8. Regeneration efficiency of reused CCIO NCs, using SF dye.

3.6. Plausible Mechanism of Dye Removal Due to the Action of CCIO NCs

The possible action of CCIO NCs in the removal of dyes and other water pollutants is
illustrated in Figure 9. The interaction between dye molecules, such as safranin, methylene
blue, malachite green, and CCIO nanocomposites is primarily driven by a combination
of electrostatic attraction, hydrogen bonding, and van der Waals forces. The cationic
nature of these dyes, due to their dimethylamino groups, facilitates strong electrostatic
interactions with negatively charged sites on the nanocomposite’s surface. Additionally,
hydrogen bonding plays a crucial role, particularly when the nanocomposite surface
contains hydroxyl groups or other hydrogen bond donors or acceptors. The lone pairs on
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the nitrogen atoms in the dimethylamino groups of the dyes can form hydrogen bonds
with the hydrogen atoms of hydroxyl groups on the nanocomposite. Furthermore, the
high surface area and porous structure of nanocomposites provide numerous active sites
for adsorption, enhancing the van der Waals interactions and allowing for the efficient
capture of dye molecules. These combined interactions result in the effective adsorption
and removal of dye pollutants from aqueous solutions, making such nanocomposites highly
effective in environmental cleanup applications.

Figure 9. Plausible mechanism of action of CCIO NCs in dye adsorption.

4. Conclusions

In this study, the green synthesis of CCIO NCs was performed via the co-precipitation
method after a short reaction time of 4h. As the synthesized CCIO NCs are free of secondary
pollution, cost-effective, and easier to scale up, they may prove to be a better alternative to
conventional wastewater treatment techniques. The characteristic features of NCs were
studied using various methods, including FT-IR, XRD, TGA, FE-SEM, TEM, and DLS. The
results obtained from the FT-IR spectra revealed the presence of phenolic compounds
in the CCIO NCs, which established antioxidant activity. The dynamic light scattering
(DLS) graph for zeta potential confirms the CCIO NCs to be anionic, which justifies their
ability to adsorb cationic dyes like SF, MB, and MG. The TGA curve demonstrates that
the synthesized CCIO NPs offer dry heat resistance of up to ± 200 ◦C. The maximum
adsorption capacity of the CCIO NCs was found to be 34.3 mg/g against SF dye. Also,
the reused NCs retained the maximum level of 85–90% of their adsorption capacity, even
after 4 successive recycling iterations, indicating its reusability. An adsorption capability
of CCIO NCs against cationic dyes such as SF, MG, and MB, along with the removal
of hexavalent chromium, was determined by using UV-Vis spectroscopy. The results
demonstrated a ~91% adsorption of various dyes and ~60% of water pollutants. Hence,
considering the environmental factors, CCIO NCs can provide a cost-effective solution
against multiple pollutants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano14161339/s1, Figure S1. UV-Vis spectrometry analy-
sis of synthesized CCIO NCs; Figure S2. TGA analysis of synthesized CCIO NCs; Table S1.
Biocompositional analysis of raw cotton stalk waste powder. References [55,67] are cited in
Supplementary Materials.
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Abstract: Formation water scale blocks pipelines and results in oil/gas production decreasing and
energy consumption increasing. Many methods have been developed to inhibit scale formation.
However, these previous methods are limited by their complications and low efficiency. A new
method is proposed in this paper that uses the scale in formation water as a nanomaterial to improve
oil recovery via controlling particle size. A series of ligands were synthesized and characterized.
Micrometer-CaCO3 was formed and accumulated to form scale of a large size under uncontrolled
conditions. The tetradentate ligands (L4) exhibited an excellent capturing yield of Ca2+ (87%). The
particle size was very small, but they accumulated to form large particles (approximately 1300 nm) in
the presence of Na2CO3. The size of the CaCO3 could be further controlled by poly(aspartic acid)
to form sizes of about 700 nm. The flooding test showed that this material effectively improved oil
recovery from 55.2% without nano CaCO3 to 61.5% with nano CaCO3. This paves a new pathway for
the utilization of Ca2+ in formation water.

Keywords: formation water; scale; enhanced oil recovery; calcium carbonate nanoparticles

1. Introduction

With the continuous development of modern society, the demand for oil and gas
resources is gradually increasing [1–3]. Upon entering the middle and later stages of oilfield
maturity, the composition of formation water becomes complicated. High-valent metal ions
in formation water, such as Ca2+ and Mg2+, can form scale on the surface of pipelines and
facilities and lead to blockages [4–6]. Moreover, these high-valent ions can also react with
pipelines, which leads to severe corrosion in water injection systems [7–9]. The formation of
scale is very complex, involving thermodynamics, dynamics, fluid dynamics, etc. The scale
can block the pipelines, resulting in oil and gas production decreasing, energy consumption
increasing, unnormal continuous production, or even the stopping of production. In order
to inhibit scale formation in oilfields, many methods have been developed, including
chemical anti-scaling agents and physical anti-scaling methods [10,11]. However, owing to
their complications, the effect of these methods on inhibiting scale formation is limited [12].

In addition, in different oilfields, the types and contents of ions are also different, lead-
ing to many uncertain factors and unsatisfactory results when using traditional chemical
methods for anti-scaling [12]. Normally, one needs to add much more agent to achieve
the anticipated aim. Physical methods, such as ultrasound method for anti-scaling, are
as of now immature and easily affected by on-site conditions [13,14]. Most importantly,
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physical methods must be coupled with chemical methods to treat scale formation. There-
fore, although chemical methods are not universally applicable, their low cost, mature
technology, fast effectiveness, and good results make them the main means of removing
scale [15–18]. However, chemical agents may remain in formation water after removing
scale and gradually accumulate, leading to more serious side effects [19]. Therefore, new
methods need to be developed to remove or treat scale.

Owing to their decreasing interfacial tension, changing wetting, enhancing the stability
of emulsions, and decreasing injection pressure, many nanomaterials have been extensively
utilized in oilfields to enhance oil recovery [20–22]. Polyacrylamide (PAM) microsphere
and its emulsions have been demonstrated in some oilfields, such as the Changqing Oilfield
in China, not only to have excellent dispersion performance, but also to be capable of
increasing flow resistance and forcing flow steering to increase swept volume in deep or
large channels when the nanospheres flow into the reservoir [23]. Scale formation is a
slow process in formation water that involves crystal growth, including homogeneous and
heterogeneous crystallization [24]. Therefore, it suggests the probability of controlling the
size of scale particles during scale formation in nanometers or micrometers as an inorganic
material to enhance oil recovery. This can not only solve the scale problem, but also achieve
Ca2+ and Mg2+ sustainability in formation water [25,26].

Normally, CaCO3 and MgCO3 are precipitated to form scale in formation water owing
to their relatively high content of Ca2+ and Mg2+. To prevent the rapid precipitation of
CaCO3 and MgCO3, the fast capture of the above ions in formation water is a critical step.
For instance, chelated agents such as ethylenediamine tetra-acetic acid (EDTA) can be used
to capture Ca2+ and Mg2+ ions and form a very stable complex [27,28], which would be
beneficial to the formation of nano- or micrometer CaCO3 and MgCO3. Moreover, the
stability of the chelation should not be too strong, so as to facilitate the fast release metal ions
and the in situ formation of nano- or micro-nanoparticles of CaCO3 and MgCO3 [29–31].
Therefore, a suitable ligand is a key factor in the formation of micro-nanoparticles of
CaCO3 and MgCO3. To this end, different kinds of compounds have been designed and
synthesized (Figure 1) to capture Ca2+ and Mg2+. The objectives of this paper include:
(1) preparing compounds to capture Ca2+ and Mg2+; (2) forming micro-nanoparticles
of CaCO3 and enhancing oil recovery; and (3) elucidating a possible mechanism under
present conditions.

 

Figure 1. The structures of different ligands.

2. Experimental Section

2.1. Materials

Chloroacetic acid (moderate toxicity); sodium hydroxide (NaOH); benzylamine; hy-
drochloric acid; sodium carbonate; butanediamine; p-xylylenediamine; ammonium chlo-
ride (low toxicity); iminodiacetic acid (low toxicity); absolute ethanol; 2-picolyl chloride-
HCl (low toxicity); methanol (trace toxicity); poly (aspartic acid) (PASP) (trace toxicity);
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CaCl2; and NaHCO3 were purchased from Acros Organic Chemical Company (Waltham,
MA, USA). They are analytical grade and without further purification.

2.2. Instruments

Fourier-transform infrared spectroscopy (FTIR): VERTEX 70 FT-IR spectrometer Thermo
Fisher Technologies (Waltham, MA, USA); 1H nuclear magnetic resonance spectroscopy:
400 MHz AVANCE III 600 M (Bruker, Berlin, Germany); X-ray diffraction (XRD): D8 Ad-
vance (Dutch Panaco, Almelo, The Netherlands); S3500 laser particle size analyzer(Microtrac,
Montgomeryville, PA, USA); Nano ZS Malvern laser particle sizer (Masterizer, Micro, Buck-
inghamshire, UK); scanning electron microscopy (SEM-EDS): Merlin (Zeiss, Jena, Germany);
mass spectrometer: Agilent 6520 Q-TOF LC/MS (Agilent Technologies, Santa Clara, CA,
USA); atomic absorption spectrophotometer: AA-7003 (East-west Analytical Instruments
Co., Ltd., Beijing, China).

2.3. Preparation of Ion Regulators

N-Benzyl iminodiacetic acid (L1): Chloroacetic acid (9.5 g, 100 μmol) in H2O (35 mL)
was cooled to 50 ◦C and neutralized with NaOH solution (0.17 g/mL). The alkali was added
slowly to avoid the solution temperature exceeding 20 ◦C. Then, benzylamine (50 μmol,
5.5 mL) was added and the mixture was heated at reflux for one hour. The NaOH solution
was added to mixture dropwise, and the mixture was further heated under reflux for
one hour. After stopping heating, the mixture’s pH value was adjusted to neutral with
hydrochloric acid. The precipitation was formed and collected with a 64% yield.

2,2′,2′′,2′ ′ ′-((1,4-phenylenebis(methylene))bis(azanetriyl))tetraacetic acid (L2): 5.25 g
of chloroacetic acid was weighed and dissolved in water. The mixture was stirred and
neutralized with sodium carbonate until the pH was 6.8–7. According to the ratio of
chloroacetic acid:butanediamine = 6.7:1 (mass ratio), the sodium chloroacetate solution
was first transferred into a three-necked flask, then stirred. Next, 906 μL (0.78 g) of
butanediamine and 25% NaOH mixture was slowly added to the three-necked flask using a
drip funnel. After addition, the pH was adjusted to 9–9.5 using a 25% NaOH solution, and
the reaction temperature was maintained at 90–95 ◦C until the pH value of the solution did
not decrease (at the end of the reaction, the pH was maintained at around 9). The reaction
solution was cooled down to 40–45 ◦C, then continuously stirred while 1:1 hydrochloric
acid was added for acidification. When the pH of the solution reached 1, no more acid was
added and the solution was stirred until precipitation formed. The yield was 64%.

Trans-2,2′,2′′,2′ ′ ′-(cyclohexane-1,4-diylbis(azanetriyl))tetraacetic acid (L3): An aqueous
solution of chloroacetic acid (4.75 g; 50 μmol in 17.5 mL) was cooled in an ice bath to 5 ◦C
and neutralized with an aqueous sodium hydroxide solution (2.0 g; 50 μmol in 10 mL). The
alkali was added at such a rate that the temperature of the reaction mixture never reached
20 ◦C. Then, 3.40 g (25 μmol) of p-xylylenediamine was added. The reaction mixture was
refluxed and a solution of 2.0 g NaOH in 10 mL of water was added dropwise to it over
one hour. A clear colorless solution was formed, and the refluxing was continued for one
additional hour. The reaction mixture was poured into a large beaker, acidified to pH = 2
with diluted hydrochloric acid (1:1 v/v), and cooled to room temperature. The bottom of
the beaker was scratched with a sharp glass rod to induce precipitation and stirred until
the mixture solidified. After standing overnight in a refrigerator, the product was filtered
off by suction, washed with ice water, and dried. The yield was 57%.

Nitrilotriacetic acid (L4): 8.85 g monochloroacetic acid was put into the flask, stirred
and heated until molten, and then an aqueous solution of NaOH was added (3.70 g in
10 mL). The solution was maintained at 80–90 ◦C for 5–6 h. Then, it was concentrated under
vacuum, heated to 60 ◦C, and adjusted to a pH of 7–8 with saturated sodium carbonate
solution. Under 80 ◦C, 4.0 g saturated solution of ammonium chloride was slowly added.
Then the pH was adjusted to 9–10 with 1 M NaOH. After standing for 4 h at the room
temperature, the mother liquors were then acidified (pH = 1) by the addition of HCl (6 M)
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and the product was removed by filtration, washed (cool water) and air-dried. The yield
was 66%.

[Carboxymethyl(pyridin-2-ylmethyl)amino]acetic acid (L5): Iminodiacetic acid (6.55 g,
50 mmol) was added to a solution of 4.0 g (100 mmol) of NaOH in 20 mL of H2O and 60 mL
of absolute ethanol. The solution was stirred vigorously. Solutions of 8.2 g (50 mmol) of
2-picolyl chloride-HCl in 17 mL of H2O and 4.0 g (100 mmol) of NaOH in 7 mL of H2O in
separate addition funnels were then added over a period of 8 min. The reaction mixture
was warmed to 70 ◦C and left to stir for 4 h. Then, an additional 4.0 g of NaOH was added,
and the reaction mixture was stirred for another hour, after which the amber solution
was evaporated, leaving a yellow solid. 50 mL of H2O was added, and the solution was
acidified with concentrated HCl to pH 1.5. The white solid obtained was recrystallized
from methanol. The yield was 35.7%.

The five ligands were characterized by FTIR and 1HNMR. The samples were charac-
terized by FTIR using the potassium bromide compression method with a scanning range
of 4000–500 cm−1 and 32 scans. The solvent choice for 1H NMR characterization was water.

2.4. Properties of Scale under Uncontrolled Condition

In order to explore the effect of ligands on the size and morphology of coalesced
particles, the coalesced particles without ligand control were first analyzed. After the
simulated formation water had sat for 30 d, the scale in the water was filtered, dried in
an oven, and then characterized by powder X-ray diffraction (XRD). The test conditions
were as follows: operating voltage, 40 kV; operating current, 40 mA; scanning range, 5◦ to
40◦; scanning speed, 2◦/min. Scale particle size was analyzed with a S3500 laser particle
size analyzer. The simulated formation water scale was treated ultrasonically for 20 min to
test the particle size. The surface morphology of the particles was characterized by field
emission scanning electron microscopy (SEM). A small amount of the sample was taken
and pasted on a conductive adhesive and tested after gold spraying. The composition of
the scale samples was determined by energy dispersive spectrometer (EDS). The sample
was placed in an SEM sample chamber equipped with an EDS detector, which was used to
analyze the chemical composition of the sample by converting its X-ray signal into energy
spectrum data.

2.5. The Capturing of Ca2+ by L1–L5

In order to study the reaction of these ligands with Ca2+, ESI/MS was used to charac-
terize them. The atomizer flow rate was 3 L/min, the drying gas flow rate was 10 L/min,
and the heater flow rate was 10 L/min.

2.6. CaCO3 Particle Formation by Na2CO3 or NaHCO3

There is a dynamic equilibrium between ligands, CaCl2, and Na2CO3. This section
mainly studies the reaction mechanism of ligands and Na2CO3 to generate CaCO3 particles.
The stability constant is calculated as follows:

K =
(AXn)c

(A)c ∗ (X)cn (1)

where (AXn)c represents the concentration of the complex, (A)c represents the concentration
of the core substance, (X)c represents the concentration of the ligand, and n represents the
number of ligands.

To determine the presence of micro-nanoparticles, excess Na2CO3 solution was gradu-
ally dripped in and kept at room temperature for at least 4 d to produce a white precipitate.
The CaCO3 particles under the control of the ligands were characterized by XRD and SEM.
The test method was the same as in Section 2.4.

95



Nanomaterials 2024, 14, 1452

2.7. CaCO3 Nanoparticles Formation and Capturing Yield via L1–L5

In order to analyze the effects of L1–L5 on Ca2+ ion capture rate and CaCO3 particle
size in the presence of NaHCO3 solution, the different ligands (L) were added, nCa2+/nL
was changed, and the concentration of free Ca2+ ions was determined by atomic absorption
spectrometry after sitting for 72 h. Plasma gas flow was 12 L/min, nebulizer flow was
0.7 L/min, and auxiliary gas flow was 0.4 L/min. After 20 min of sonication, the was
placed in a cuvette and the particle size of the CaCO3 produced by the different ligands at
different concentrations was measured using a Malvern laser particle size analyzer.

It was found that the ratio of nCa2+/nNaHCO3 also had an effect on the formation of
CaCO3, but there was no obvious rule among the different ligands. In this paper, the
L4 ligand was selected to set different proportions of nCa2+/nNaHCO3. The concentration
of free Ca2+ ions and the particle size of the CaCO3 produced under different ratios of
nCa2+/nNaHCO3 were determined by atomic absorption spectrometry and Malvern laser
particle size analyzer, respectively, to determine the best ratio of nCa2+/nNaHCO3.

Since the particle size of CaCO3 particles is still large, it is necessary to further adjust
the particle size by adding appropriate chemical reagents. According to previous studies,
charged polymers such as polyaspartate (PASP) [31] and polyacrylic acid (PAA) [32] can
stabilize amorphous calcium carbonate and may have mineralizing activity. In this paper,
PASP was used to further control the size of CaCO3 particles. The amount of added
polyaspartic acid (PASP) was changed, and the particle size under different PASP dosages
was tested by Marvin laser particle size analyzer to explore the effect of the addition amount
on the particle size of CaCO3.

2.8. The Flooding Experiment

A single core replacement experiment was used to simulate the oil flooding of ag-
glomerated particles. The water used in the experiment was simulated formation water,
with a salinity of 107,216 mg/L; its main components and concentration are listed in the
Table 1. The simulated formation water refers to the formation water of an offshore oil field
in China, which is highly mineralised and can reflect the effect of an agent well. The oil
used in the experiment was simulated oil, which was obtained by mixing crude oil and
aviation paraffin in a ratio of 1:1 (density: 0.8893 g/cm3, viscosity: 17.5 mPa·s (50 ◦C)).
An artificially homogeneous cylindrical core with a size of Ø2.5 × 10 cm was used for the
experiment. The detailed experimental procedure was as follows:

1. Firstly, simulated formation water was placed in an intermediate container and
injected into the core at a flow rate of 1 mL/min to establish the original water
saturation. Core dry weight m1 and core wet weight m2 after water injection were
recorded, respectively.

2. Simulated oil was then injected into the core to establish the original oil saturation.
The simulated formation water was then injected into the core at a flow rate of
1 mL/min until no oil was produced. The injection volume and differential pressure
were recorded, respectively, and the permeability was calculated via Darcy’s equation
to get the recovery rate of the water flooding.

3. The simulated formation water with and without additive were placed in an interme-
diate container, respectively. The water drive recovery rate was calculated by injecting
the core at a flow rate of 1 mL/min when the pressure was stable and no oil was
produced. The experiment was repeated for each solution to avoid error. The detailed
information can be seen in Figure 2.
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Figure 2. The core displacement device.

Table 1. The composition of simulated formation water (mg/L).

Na+ K+ Ca2+ Mg2+ Cl SO4
2 HCO3

− Total
Mineralization

11,977 133 695 269 21,939 15 370 35,397

The relevant calculation formula is as follows:

V =
m2 − m1

ρ
(2)

where V represents the effective pore volume in mL, m1 represents the dry weight of the
core in kg, m2 represents the wet weight of the core in kg, and ρ represents the simulated
formation water density in g/cm3.

n =
V
V1

(3)

where n represents effective porosity, dimensionless; V represents effective pore volume in
mL; and V1 represents core volume in mL.

K =
Qμl
ΔPA

(4)

where K represents the permeability of the aqueous phase in units of 10−3 μm2; Q represents
the fluid flow rate through the core per unit time in units of cm3/s; μ represents the viscosity
of the fluid in units of mPa·s; L represents the length of the core in units of cm; ΔP represents
the difference in pressure between the inlet and outlet in units of MPa; and A represents
the cross-sectional area of the core in units of cm2.

3. Results and Discussion

3.1. Preparation of Ion Regulator

N-Benzyl iminodiacetic acid (L1): The elemental analysis of calculation result for C11H13NO4
was C:H:N = 59.19%:5.87%:6.27% and the test results were C:H:N = 59.17%:5.89%:6.28%. The
typical chemical shifts were δ 2.94 (s, 4H), 3.59 (s, 2H) and 7.26 (m, 5H).

2,2′,2′′,2′ ′ ′-((1,4-phenylenebis(methylene))bis(azanetriyl))tetraacetic acid (L2): Figure 3
shows the FTIR result as υ(C=O) in 1732 and 1720 cm−1. The elemental analysis of calcu-
lation result for C16H20N2O8 was C:H:N = 52.17%:5.47%:7.61% and the test results were
C:H:N = 52.15%:5.49%:7.64. The typical chemical shifts were δ 3.56 (s, 4H) and 7.26 (s, 4H).
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Trans-2,2′,2′′,2′ ′ ′-(cyclohexane-1,4-diylbis(azanetriyl))tetraacetic acid (L3): Figure 3
showed the FTIR result as υ(C=O) 1729 and 1714 cm−1. The elemental analysis of calcu-
lation result for C11H13NO4 was C:H:N = 48.55%:6.40%:8.09% and the test results were
C:H:N = 48.47%: 6.35%: 8.14%. The typical chemical shifts were δ 1.05 (q, 4H), 1.72 (q, 4H),
2.35 (s, 2H), 3.07 (s, 8H).

Nitrilotriacetic acid (L4): Figure 3 shows the FTIR result as υ(C=O) 1740 and 1725 cm−1.
The elemental analysis of calculation result for C6H9NO6 was C:H:N = 37.70%:4.75%:7.33%
and the test results were C:H:N = 37.72%:4.71%:7.36%. The typical chemical shift was δ 3.01
(s, 6H).

  

Figure 3. Spectra of compounds, (a): FTIR results of ligands; (b): 1H NMR results of ligands.

[Carboxymethyl(pyridin-2-ylmethyl)amino]acetic acid (L5): Figure 3 shows the FTIR
as υ(C=O) 1727 and 1718 cm−1. The elemental analysis of calculation result for C10H12N2O4
was C:H:N = 53.57%:5.39%:12.49% and the test results were C:H:N = 53.58%:5.37%:12.51%.
The typical chemical shifts were δ 3.70 (s, 4 H), 4.41 (s, 2 H).

3.2. Properties of Scale under Uncontrolled Condition

First, the scale samples without ligand control were analyzed, as shown in Figure 4.
This simulated real scale formation, and especially the size distribution. The XRD of the
scale was consistent with the standard diffraction pattern of CaCO3 (Figure 4a). The typical
peaks were 21.00◦, 24. 90◦, 27.05◦, 32.78◦, 43.85◦, 50.07◦, 55.80◦, 71.97◦, and 73.59◦. It was
a typical calcite. The particle size of the scale was analyzed by S3500 laser particle size
analyzer (Figure 4b). The median particle diameter (D50) was 56.02 μm. The mean volume
diameter, mean number diameter, and mean area diameter were 78.08 μm, 26.64 μm, and
59.02 μm, respectively. It had a high particles size under the uncontrolled condition. The
surface morphology of the particles was also characterized by SEM in Figure 5a. The
surface of the particles was very rough and irregular under the uncontrolled condition.
This indicated that the rough surface improved the specific surface of the particles, resulting
in the micro-particles easily adsorbing onto the surface particles to form scale. In other
words, it was also necessary to modify the surface of the particles to inhibit the adsorbing
of the particles. Furthermore, the surface of composition was initially determined by EDS
(Figure 5b–f). This revealed that it was mainly composed of O (38.3%), Ca (36.7%), C
(14.3%), and Mg (8.2%). Combined with the results of EDS, the scale was mainly composed
of CaCO3 (~95.3%). Combining this with Figure 4a,b, it can be confirmed that, under
normal conditions, the CaCO3 precipitate formed easily and its particle size was big, which
means it can block the pipeline easily and cannot be utilized directly. Hence, it is necessary
to control the size of the particles and modify the surface of the particles such that they
can flow with the formation water, thus realizing the sustainable utilization of Ca2+ in
formation water.
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Figure 4. The properties of uncontrolled scale. (a): XRD of Simulated scale; (b): scale size analysis.

Figure 5. The SEM-EDS of particles, (a): SEM result; (b): EDS result; (c–f): C, Ca, O and Mg elements.

3.3. The Capturing of Ca2+ by L1–L5

All multi-dentate O-containing chelated ligands in this paper could form stable com-
plexes with Ca2+ and Mg2+. Therein, the reactions of these ligands with Ca2+ were inves-
tigated. L1 was a typical tri-dentate ligand, which could easily chelate Ca2+ in H2O. The
ESI/MS results (Figure A1) showed a predominant peak appearing at m/z = 262, which
was assigned to the species of [L1 + Ca2+ − H]+ (Figure 6). The result indicated that the
mole ratio of L1 and Ca2+ was 1:1. L2 and L3 were also used to react with Ca2+. ESI/MS
results showed two peaks appearing at the m/z = 423, and 445, respectively, which were
assigned to [L2 + 2Ca2+ − 3H]+ and [L3 + 2Ca2+ − 3H]+. The mononuclear species were
not found due to the steric effect. To tune the solubility in H2O, the different cyclohexyl
and phenyl groups in L2 and L3 were used. L4 and L5 were typical of tetra-dentate ligands
and had a stronger ‘chelated effect’ [25] than those of L1–L3. ESI/MS results showed the
predominant peaks appearing at m/z = 230 and 263, respectively, which were assigned
to [L4 + Ca2+ − H]+ and [L4 + Ca2+ − H]+ (Figure 6). From the above analysis, it can be
confirmed that Ca2+ can be effectively captured by L1–L5 because more carboxyl functional
groups can chelate more Ca2+.
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Figure 6. The possible coordination modes for L1–L5 with Ca2+ in H2O.

3.4. CaCO3 Particle Formation by Na2CO3 or NaHCO3

Based on the ESI/MS investigation, these additives can quickly form stable complexes
with Ca2+ when the mole ratio of ligand and Ca2+ is 1. The addition of excess Na2CO3 did
not generate any obvious white precipitation, even when the mixture was left standing
for over 3 days, with the presence of the previously described complexes, while the white
CaCO3 precipitation was immediately observed in the absence of these ligands. Although
the white CaCO3 precipitation could not be observed in the presence of these ligands,
micro-nanoparticles were gradually formed. This result revealed the presence of a dynamic
equilibrium between the ligand, CaCl2, and Na2CO3. Taking L1 as an example, L1 can
form a complex with Ca2+ with the stability constant K1 (~1 × 109) (a). The large stability
constant indicated that the Ca2+ in aqueous phase was nearly completely captured by
L1. When Na2CO3 was added, Ca2+ would combine with CO3

2− to generate the micro-
nanoparticle of CaCO3 (Ksp ~ 2.8 × 10−9) (b). Thus, the total reaction was (a) + (b) → (c).
According to K1 × K2 = 1/Ksp, K2 = 1/(Ksp × K1) = 0.36. On the other hand, the formation
rate (R) of CaCO3 was significantly lowered due to the formation of a stable complex
[L·Ca2+]. The CaCO3 precipitation was not formed in the presence of L1 mainly due to the
very low concentration of Ca2+ in the reaction system.

The XRD pattern was very consistent with that of the standard CaCO3 sample. The
typical peaks were 23◦, 29◦, 36◦, 39◦, 43◦, 47.5◦, and 48.5◦. It was a typical calcite charac-
teristic peak (Figure 7a). SEM showed that a spherical shape could be clearly observed
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(Figure 7b,c). It also can be observed that the particles were relatively dispersed and
showed a size of about 800 nm (Figure 7c), which was a smaller size compared to that
of the uncontrolled CaCO3 particles. Generally, high specific surface energy with more
micro-nanoparticles coalescence to form micrometer-sized particles, and more smaller
nanoparticles are expected to be formed under controlled conditions. This provided the
possibility of enhanced oil recovery with micro-nanomaterials.

 

 

Figure 7. XRD and SEM for CaCO3 particles. (a): XRD of nano-CaCO3 under ligand control;
(b,c): SEM of nano-CaCO3 under ligand control.

The above experiments demonstrated that synthetic ligands could capture Ca2+ ef-
fectively in the aqueous phase when mole ratio of L and Ca2+ exceeded 1. Thus, when
Na2CO3 was added, the CaCO3 precipitate was not formed immediately. However, CaCO3
precipitate rapidly formed when mole ratio of ligand and Ca2+ was lower than 1. To
simulate the real situation in the oilfield, NaHCO3 was used instead of Na2CO3 due to
HCO3

− needing to dissociate to CO3
2−, resulting in a CaCO3 precipitate that was relatively

slow. Three possible equilibration reactions of NaHCO3 occurred.

HCO3
− + H2O = H2CO3 + OH− (5)

HCO3
− + H2O = CO3

2− + H3O+ (6)

H3O+ + OH− = 2H2O (7)

In a typical 0.1 M NaHCO3 aqueous solution, the pH value was close to 8.34. c(HCO3
−),

c(CO3
2−) and c(H2CO3) was close to 9.8 × 10−2 M, 9.8 × 10−4 M, and 9.8 × 10−4 M, re-
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spectively, (Ka1(H2CO3) = 4.5 × 10−7 and Ka2(H2CO3) = 4.7 × 10−11). Thus, c(CO3
2−) was

much lower than that of Na2CO3 and no obvious precipitate was found when NaHCO3
was used instead of Na2CO3 in CaCl2 solution.

3.5. CaCO3 Nanoparticles Formation and Capturing Yield via L1–L5

The initial concentration of c(Ca2+) was 460 mg/L. From Figure 6, it can be found
that L2 and L3 could capture more Ca2+, but the capturing yield was not higher in Table 2.
Complexes formed with ligands stronger than L4 are likely to release less Ca2+. The Ca2+

in solution can be fixed via two possible pathways: One was the formation of CaCO3,
and another was the formation of stable complexes with ligands. As shown in Table 2,
among the six ligands (L1 to L5), L4 exhibits the max Ca2+ capturing yield. When c(L4)
increased from 125 mg/L to 250 mg/L (nCa2+/nL4 16.5:1 to 8.22:1), the free c(Ca2+) in
aqueous solution was significantly reduced, and the capturing rate increased from 73.0%
to 87%. While the c(L4) further increased from 250 mg/L [(nCa2+/nL4~8:1)] to 2000 mg/L
[(nCa2+/nL4~1:1)], the Ca2+ capturing yield did not increase significantly. Therefore, the
optimal ratio of nCa2+/nL4 was ~8:1. The mean area diameter of particle size was near
1300 nm using L4. It was lowest among the ligands. In other words, when L4 was used, it
had highest capturing yield and smallest particle size.

Table 2. Ca2+ capturing yield and particle size by adding different additives.

Ligands c(L) (mg/L) nCa2+/nL
c(Ca2+)
(mg/L)

Capturing
Yield (%)

Particle Size
(nm)

L1

125 38.4:1 150 67.4 1652
250 19.2:1 144 68.7 1896
500 9.6:1 142 69.0 1841
1000 4.8:1 158 65.6 1653
2000 2.4:1 165 64.1 1451

L2

125 31.8:1 152 67.0 1668
250 15.9:1 150 67.4 1539
500 7.95:1 143 68.9 1519
1000 3.98:1 163 64.5 1698
2000 1.99:1 177 61.4 1843

L3

125 60:1 163 64.5 1651
250 30:1 161 65.0 1614
500 15:1 157 65.8 1756
1000 7.5:1 156 66.0 1687
2000 3.74:1 165 64.1 1563

L4

125 16.5:1 124 73.0 1362
250 8.22:1 60 87.0 1467
500 4.12:1 80 82.6 1324
1000 2.06:1 74 83.8 1266
2000 1.03:1 80 82.5 1385

L5

125 38.7:1 157 65.8 1652
250 19.4:1 150 67.4 1632
500 9.7:1 143 69.0 1534
1000 4.84:1 155 66.2 1654
2000 2.42:1 160 65.4 1469

L1 was a tridentate ligand and its complex with Ca2+ had relatively smaller stability
constants than those of L4 and L5. As shown in Table 2, the capturing yield of Ca2+ for L1

was in the range of 64.1–69.0%, which was essentially identical to those of the bis(tridentate)
ligands L2 and L3 (61.4–69.0%). The particle sizes of CaCO3 for L1 (1451 nm~1896 nm) were
also similar to those for L2–L3 (1380–1843 nm). These results indicated that no obvious
‘cooperation effect’ for these bis(tridentate) ligands existed. Actually, the tridentate units
of L1–L3 at the same mass concentration were very close. These ligands, in theory, have
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similar stability constants. Based on the above results, Ca2+ in solutions was mainly bound
via the formation of CaCO3 rather than Ca2+ complexes.

Among these ligands, L4 and L5 are tetradentate ligands. As compared with L1, L5 has
an additional pyridyl ring. The capturing yield of L5 (65.4–69.0%) was slightly increased as
compared with those of L1/L3. The particle sizes of CaCO3 for L5 (1469 nm to 1654 nm)
were also smaller than those of L1 and L3. These results revealed that tetra-dentate ligand
(L5) exhibited a better performance than those of the tridentate ligands (L1–L3). In L4,
a carboxyl group was used instead of the pyridyl ring in L. The capturing yield of L4

(73.0–87.0%) were higher than that of L5. However, the capturing yield of Ca2+ did not
increase with the increase of the stability constants of the ligands. As the Ca2+ needed to
be captured and released in a dynamic equilibrium, the suitable stability constant of the
ligands to Ca2+ was one of the important factors. It was also noteworthy that a complex
with an extremely large stability constant was not beneficial to the formation of CaCO3
nanoparticles. It was also noted that the particle sizes of CaCO3 for L4 (1362 to 1467 nm)
were the smallest among these ligands. Thus, L4 exhibited the best performance on the ion
capturing yield and particle size. Although the size of the nanoparticles may be influenced
by many factors including the temperature, stirring rate, liquid flow rate, solubility, etc., the
stability of the complex that controls the concentration of Ca2+ released from the complex
was one of the most important factors that then further controlled the formation rate and
size of the CaCO3 particles (Figure 8).

Figure 8. Particle size distribution plots, (a): different concentrations of L1; (b): different concen-
trations of L2; (c): different concentrations of L3; (d): different concentrations of L4; (e): different
concentrations of L5.

Different ratios of nCa2+/nNaHCO3 were also investigated. Among these, L4 has been
selected to investigate the best ratio of nCa2+/nNaHCO3 as it showed a max capturing yield
when nCa2+/nL4 was 8:1. As shown in Table 3, it was clearly observed that the max
capturing yield was 87.0% when the nCa2+/nNaHCO3 ratio was 0.363 under same conditions.

Table 3. Ca2+ capturing yield of L4 by using different nCa2+/nNaHCO3 rations.

Entry nCa2+/nL4 nCa2+/nNaHCO3 Capturing Yield (%)

1 8:1 0.726:1 72.3
2 8:1 0.363:1 87.0
3 8:1 0.181:1 81.2
4 8:1 0.09:1 78.4
5 8:1 0.045:1 61.2
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In Figure 7, it can be found that smaller particles accumulated to form large par-
ticles. L4 was chosen to demonstrate this. As shown in Table 4, the experiments were
conducted with different concentrations of PASP under the optimal ratio (nCa2+/nL4 8:1,
nCa2+/nNaHCO3 0.363). The results indicated that the PASP mainly affected the particle size
of CaCO3, while the capturing yield of Ca2+ remained almost unchanged. The particle size
of CaCO3 in the system without PASP addition was in the range of 1266–1467 nm, while
after addition of PASP, the particle size of CaCO3 decreased to the range of 764.8–1011 nm.
The results showed that the optimal amount of PASP was 500 mg/L in the present system.
The results also indicated that PASP probably could react with CaCO3. As we all know,
hydroxyl can be found on the surface of inorganic matter surfaces. Aspartic acid contains
two carboxyl functional groups, which can react with the hydroxyl group on the surface of
the CaCO3 particle to form more hydrogen bonds. It would inhibit the particles accumulat-
ing to form large particles, leading to small particle formation. A high content of additives
could form more hydrogen bonds and show relatively small particles of CaCO3.

Table 4. Effect of addition of PASP on Ca2+ capturing yield and particle size.

c(L4) mg/L
c(PASP)

mg/L
nCa2+/n nCa2+/nNaHCO3

Capturing
Yield (%)

Particle Size (nm)
without PASP

Particle Size (nm)
with (PASP)

250 125 8:1 0.363:1 83.2 1362 997.6
250 250 8:1 0.363:1 84.0 1467 929.6
250 500 8:1 0.363:1 85.1 1324 764.8
250 1000 8:1 0.363:1 84.6 1266 1011
250 2000 8:1 0.363:1 85.2 1385 943.2

3.6. Controllable CaCO3 Particles Improved Oil Recovery

To investigate the role of particles to enchained oil recovery (EOR), L4 was selected for
a simulated flooding experiment. As shown in Table 5, oil recovery reached 61.5% when
the simulated formation water with L4 and PASP was injected, while it was 55.2% when
the simulated formation water without additive was injected. In other words, L4 was an
effective additive to improve EOR. It also demonstrated that the sustainability of Ca2+ in
formation water was feasible. The results could be attributed to the interaction between
L4 and the Ca2+ present in the formation water, resulting in the micro- or nano-sized
agglomerated particles formation during presence of PASP. Once these particles entered
the reservoir, they would flow and deposit in the pores, effectively pushing oil droplets
forward to improve EOR. On the other hand, the surface of nano CaCO3 has more active
functional groups like -OH, which would react with oil via hydrogen bond to change the
interfacial tension [33,34]. It would benefit to improve EOR. Normally, it has a relatively
high interfacial tension under high salinity condition. Hence, it needs to decrease the
interfacial tension to improve EOR in formation water due to its high salinity. Normally,
the rock surface properties would change from hydrophilic to lipophilic after long-term
immersion in crude oil. It needed to change the wettability to enhance the oil film on the
rock surface washing away. Tian et al. found that nanofluid changed the contact angle
of oil film to improve EOR [34]. Therefore, micro- and nano-sized CaCO3 particles had a
excellent performance to improve EOR (Figure 9).
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Figure 9. Plot of injection pore volume versus oil recovery.

Table 5. Experimental data of core displacement experiment.

Core Flooding
Setup

Core
Length/cm

Core
Diameter/cm

Effective
Porosity/%

Permeability
/mD

Porosity/%
Oil

Recovery/%

Simulated
water

10 2.5 20.4 19.52 20.5 54.6
10 2.5 20.6 19.69 21.6 55.2

Simulated
Water + L4

10 2.5 20.9 19.89 21.3 60.3
10 2.5 21.5 20.01 22.5 61.5

The key process in this paper was controlled micro- and nano-sized CaCO3 particle
formation. Then, when the particles entered the reservoir pores, they exhibited an affinity
for oil droplets, which facilitated the displacement of oil droplets within the reservoir.
In addition, the presence of these particles could improve pore structure and reduce oil
entrapment (Figure 10). Therefore, the efficiency of oil recovery was improved.

 

Figure 10. L4 displacement mechanism diagram.

4. Conclusions

The paper reported the resource utilization of Ca2+ in formation water. The resource
utilization of Ca2+ in formation water was investigated by organic ligands. The synthetic
multi-dentate ligands can effectively capture Ca2+ in formation water. Then, Ca2+ slowly
released to form CaCO3 nanoparticles. Among the six ligands (L1 to L5), L4 had highest
capturing yield and smallest particle size. And it was clearly observed that the max
capturing yield was 87.0% when nCa2+/nNaHCO3 ration was 0.363 under same conditions.
The particle size can be further controlled by PASP. Therefore, adding the ligands studied
in this paper to highly mineralized formation water can make calcium ions form calcium
carbonate particles of controllable size, thus improving the recovery rate. The flooding
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test demonstrated it was an effective method, improving the EOR from 55.2% to 61.5%.
The results in this study gives a new pathway to utilize the Ca2+ in formation water and
provides a new method for scale treatment in petrochemical industry.
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Figure A1. MS results of complexes of Ca2+.
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Abstract: The studies on microplastics are significant in the world. According to the literature,
microplastics have greatly specific surface areas, indicating high adsorption capacities for highly toxic
pollutants in aquatic and soil environments, and these could be used as adsorbents. The influencing
factors of microplastic adsorption, classification of microplastics, and adsorption mechanisms using
microplastics for adsorbing organic, inorganic, and mixed pollutants are summarized in the paper.
Furthermore, the influence of pH, temperature, functional groups, aging, and other factors related
to the adsorption performances of plastics are discussed in detail. We found that microplastics
have greater advantages in efficient adsorption performance and cost-effectiveness. In this paper,
the adsorptions of pollutants by microplastics and their performance is proposed, which provides
significant guidance for future research in this field.

Keywords: organic pollutants; inorganic pollutants; adsorption

1. Introduction

With the increasingly serious environmental pollution, sewage treatment has become
a worldwide research hotspot, and the technology of microplastics adsorbing harmful
substances to purify sewage has become a prominent choice [1]. Adsorption technology is
developing rapidly, and the development of large-scale and sustainable hybrid technolo-
gies can overcome the shortcomings of traditional technologies. Microplastics have the
advantages of large surface area and low cost [2], thus, leading to applications in the field
of sewage treatment.

The American Association of Marine Conservation Scientists defines plastic as a
synthetic water-insoluble polymer. According to the relevant literature, plastics are divided
into thermosetting and thermoplastic plastics. The high abundance of microplastics (MPs)
can be attributed to three factors: first, human activity, such as tourism waste, or waste nets
from fishing can degrade to produce MPs [3]; second, industrial supplies, such as beverage
cans, plastic bags, and plastic water cans.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible
for the COVID-19 pandemic. Since it emerged, the disease has led to high mortality and
morbidity [4]. In the process of testing for the SARS-CoV-2, a large of plastic products
flowed into the environment. In addition, there are some modern products, such as the
increased of using cosmetics [5] and textiles [3].
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MPs are emerging pollutants that have been shown to provide toxic contaminants [6].
For example, the pathways by which the environment or its inherent toxic monomers
and additives enter the aquatic food web were MPs [7]. MPs can enter agroecosystems
with toxic effects [8] but also enter organisms [9] to cause cellular internalization and
affect intracellular target organelles [10]. Moreover, there are many difficulties in fully
solving nano plastics due to the limited methodologies for selectively recognizing nano
plastics [11].

Traditional sewage treatment technology is complex in operation; has high costs,
slow adsorption, limited capacity, and high regeneration costs; and may cause the risk of
secondary pollution. Thus, finding a cheap and simple treatment method has become an
urgent problem. Based on the principle of green environmental protection, waste utilization
is the best way. Microplastics have been used to make electrospun micro/nanofibers (in the
waste recycling) [12], PET nanoparticles (in the biological systems) [13], and antimicrobial
coatings (in the healthcare sector) [14].

The unique structures of microplastics with benzene rings or carbon chains make
them a good material choice for sewage treatment. As microplastics also contain rich
functional groups, they have a strong affinity for pollutants under the action of chemical
bonds, such as hydrogen bonds and van der Waals forces, and are suitable for sewage
treatment [15]. Although pollutants are adsorbed on plastics and cause certain harm to the
environment [16], we can achieve simultaneous removal of pollutants and microplastics
through this method, which is a good water source treatment method [17].

Microplastics have attracted extensive attention due to their large specific surface
area and stable properties [18]. Sewage treatment by microplastics mainly depends on
adsorption, and the advantage of microplastics in the specific surface area greatly increases
the contact area with pollutants. In addition, the resin carbon structure is stable and easy
to separate. Therefore, after treating sewage, plastic can be separated from sewage by
centrifugation or sedimentation.

Under the influence of the environment, light, weathering [19], breakage, corrosion,
grafting, abrasion, single loading, aging [20], and other effects will not only hinder the
treatment of sewage by microplastics but also increase the specific surface area of microplas-
tics. When microplastics react with pollutants in the environment, modified microplastics
can show strong adsorption performance for some contaminants under this influence [21].
This paper reviews the classification of microplastics and the adsorption mechanism of mi-
croplastics on organic and inorganic pollutants. In addition, the activities of microplastics
in nature and their treatment methods and principles are briefly introduced. Hence, we
provide new ideas for utilizing microplastics with contaminants.

2. Activity of Microplastics in the Environment

2.1. Activities of Microplastics in Soil

Although the activity of microplastics in the soil environment is limited, the amount
of microplastics in the soil cannot be ignored. Most human activity is on land, which con-
tributes to the accumulation of microplastics from landfills, fermentation and composting
of organic fertilizers, and the use of tires. Under the influence of temperature, pH, and
other factors, as shown in Figure 1, microplastics can still interact with pollutants in the
soil environment [22]. Microplastics in the land mainly interacted with pollutants directly
to realize the treatment of pollutants. Of course, the indirect effects of microplastics also
affect soil properties [23], such as soil MPs, can provide sorption sites for soil microor-
ganisms, establish unique microbial communities and influence the ecological role of soil
microorganisms [24].
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Figure 1. Interaction diagram between microplastics and pollutants in soil [22].

2.2. Activities of Microplastics in Water

At present, microplastics have been stored in large amounts and have frequent activi-
ties in the marine environment. The main phenomenon is the suspended atmosphere [25]
as shown in Figure 2. Global marine plastic pollution is derived mainly from the input of
vast amounts of land-based plastic waste [26]. Wastewater treatment plants (WWTPs) are
known to be one of the main and most important sources of microplastic discharged into
the environment [27].

Figure 2. Origin and cycle process of microplastics [25].

The investigation found that a secondary wastewater treatment work (WWTW) (pop-
ulation equivalent 650,000) was releasing 65 million microplastics into the receiving water
every day [28]. The abundance of MPs in the influents and effluents of domestic WWTPs
was 18–890 and 6–26 n·L−1. No significant differences in MP abundance were demonstrated
among effluents or wastewater from domestic, industrial, agricultural, and aquacultural
sources, indicating they were all potential sources of MP pollution [29].

MPs release chemical additives during photodegradation [30] as shown in Figure 3.
Microplastics deposited at the bottom of water, such as rivers, were easily swallowed and
absorbed by aquatic animals and then circulated in the food chain superposition step by
step. As a result, bioaccumulation was constantly amplified [31], such as microplastics
used as anthracene carriers in medaka [32] and polyvinyl chloride (PVC) used as carriers
of heavy metals [33].
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Figure 3. Photodegradation of microplastics and their activities in water environments [30].

Some contaminants also exhibited competitive behavior on the surface of microplastics,
as DDT interferes with the adsorption of phenylalanine plastics [34]. To date, many
kinds of microplastics have been found in the human body. Microplastics can easily
combine with various additives and other pollutants in the water environment; however,
the discovery that they can be used as carriers of harmful substances [35] brings hope to
sewage treatment [36]. In waters, microplastics can not only interact with pollutants but
also treat pollutants by winding, adsorption, and other methods. Similar laws inevitably
exist in marine, river, lake, and other water environments.

3. Classification of Microplastics

Microplastic fragments are formed by the decomposition of larger plastic particles us-
ing photolysis, thermal oxidation, thermal degradation, and biodegradation as shown
in Figure S1 [37]. Microplastics can be divided into three aspects: (i) polycarbonate
polyurethane (PCU) fragments are found in foam plastics. (ii) Polypropylene (PP) and
polyethylene (PE) + PP [38] films are found in boat paints. (iii) PET and PES are found in
fishing nets and lines and textile production [39] (clothing, wool, and blankets) [40]. The
classification of microplastics is determined by their physical and chemical properties and
can be divided into five characteristics: their shape, polymer, color, source, and particle
size [40] as shown in Table S1.

Shape: The main categories of microplastics by shape are microfibers or plastic fibers,
followed by fragments, films, and particles. Microplastics are found in surface water and
sediment, and beads make up only a small fraction of the types of microplastics [41].

Polymers: Polymers are identified as polypropylene, polyethylene, and polystyrene [42].
The most significant proportion of microplastic polymer particles is composed of polyethy-
lene [42], followed by polyethylene terephthalate and polyacrylamide. The sediment is
dominated by polypropylene. PE and polypropylene (PP) are the most abundant contami-
nants globally, followed by polymers, such as polyethylene terephthalate, polystyrene, and
polyamide.

Grades: In the environment, microplastics are classified as primary plastics and
secondary plastics according to their source. Primary microplastics include plastic particles
manufactured as precursors for personal care products and other industrial uses [43].
Secondary microplastics are created through photolysis and hydraulic friction, which are
found in plastic waste, such as fragments, scales, fibers, and particles, such as plastic
bottles, plastic bags, and synthetic textile fibers, which are discarded manually. Second,
microplastics are larger plastic fragments that are degraded by using (e.g., fibers released
from washing clothing or textiles), waste management, or fragments of larger plastics in
the natural environment (e.g., fibers released in water and water environments).

Microplastics in the environment have a large base, many types, and complex proper-
ties. In the natural environment, microplastics constantly change their forms and structures
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with the action of nature, and naturally, they have different properties, making their use
more flexible in modern conditions [41].

4. Classification of Pollutants

There are many kinds of pollutants in complex forms. According to the literature [44],
they can be divided into organic pollutants [2] and inorganic pollutants; however, some
pollutants do not belong to the first two categories, and thus an additional pollutant is
added. The primary organic pollutants are carbon chains and carbon rings. In addition,
it contains acids, such as acetic acid, formic acid, and other carbon chains that have acid
groups. There are also benzene rings such as phenanthrene, nitrobenzene, and naphthalene.
Inorganic pollutants are mostly salts [45].

These substances in the water generally cannot maintain the original compound form,
often through ionization hydrolysis and other effects in the form of ions free in the water,
the most pollutants are metal ions. In addition to ions, there were a small number of metals
that can maintain their original form in water, such as mercury and other metals with
relatively stable physical and chemical properties. In addition to the common types of
pollutants, some fibers, such as fiber carbon, fiber metal materials, etc., can also be classified
as inorganic pollutants. Other pollutants are mixtures, such as oils and some medicines.
As these substances can automatically decompose and recombine to form new substances
under the action of temperature, it is impossible to obtain clear statistics on their content
and composition. They are composite pollutants; therefore, they are classified separately.

5. Factors Affecting the Adsorption of Microplastics

There are many types of pollutants, and correspondingly, there are many types of
microplastic adsorbents used to treat sewage. The literature review on the adsorption of
plastics on various pollutants found that the factors influencing the adsorption of plastics
on pollutants include many aspects. Figure 4 shows the adsorption of microplastics on
contaminants and their influencing factors. Tables 1–3 briefly summarize the adsorption of
various pollutants by different microplastics and their influencing factors: (i) the adsorption
of organic pollutants by plastics as shown in Table 1; (ii) the adsorption of plastics to
inorganic pollutants as shown in Table 2; and (iii) the adsorption of plastics to mixed
pollutants as shown in Table 3.

The results were different under different influencing factors. For example, microplas-
tics, heavy metals, and pollutants may form complexes, which exhibited different properties
under the influence of atomic valence, atomic size, surface texture [46], and functional
groups [47]. Of course, the adsorption effect was different for different adsorbents. Biochar
may be an excellent adsorbent for repairing high-concentration NH4

+ wastewater. The
interaction between biochar and PE can change the surface properties of the adsorbent [48].
In addition, the same influencing factors, such as pH, temperature, and functional groups,
also had different phenomena in various adsorption experiments [49].

Figure 4. Different types of influencing factors in the process of adsorbing pollutants by microplastics.
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5.1. Effect of pH

In the process of microplastic adsorption of pollutants, pH was the most significant
influencing factor. It had the most crucial effect shown in the adsorption of organic
pollutants by microplastics. One of the most important aspects was the effect of pH on the
adsorption properties of microplastics, such as microplastics for sulfamethoxazole [41] and
three triazole fungicides [50]. There were also some other organic pollutants or compounds
adsorbed, and the amount of adsorption increased as the pH value increased.

Of course, the pH value also inhibited the adsorption capacity of microplastics, such
as the adsorption capacity of 2,4-hexadiene (sorbic acid) [51], adsorption of perfluorooctane
sulfonic acid on polyethylene and polystyrene [52], and adsorption of phenol on polymer
resin decreased with increasing pH value [53].

In addition, the inhibition effect of pH value was also reflected in the adsorption of
inorganic pollutants by microplastics. Under the influence of pH value, folate-polyaniline
hybrid hydrogels tend to adsorb anionic dyes, and a low pH value was more conducive
to improving the adsorption capacity of folate-polyaniline hybrid hydrogels [54]. Under
basic conditions, iminodiacetic acid chelate resin can form a complex with metal ions [55].
However, alkaline conditions can sometimes produce fatal obstacles to the adsorption
of plastics. For instance, the adsorption of bisphenol by polythioctylic acid-based coag-
ulants can directly decrease the adsorption efficiency from 90% to 10% under alkaline
conditions [55].

In the study of the adsorption of Cr(III) and Fe(III) by modified polyethyleneimine,
the alkaline state would precipitate Cr(III) and Fe(III). In contrast, under acidic conditions,
modified polyethyleneimine combines more easily with hydrogen ions, and the most
favorable condition was a pH of 5 [56]. In addition, sulfamethoxazole mainly existed in
the form of anions after ionization in an aqueous solution, and a suitable pH value was
conducive to enhance the adsorption affinity of microplastics for organic pollutants [34].
When the pH was 5, the adsorption electrostatic repulsion of nano and microplastics were
the lowest.

The effect of microplastic pH on pollutant adsorption did not follow the law of
increasing or decreasing. In the case of inorganic pollutants, the impact of adsorption will
be the highest under the influence of pH value. This was because pH can affect the group,
hydrolysis, and ionization of substances in the solution and jeopardize the adsorption
performance [31].

In general, microplastics had an optimal range for the adsorption of metal ion pol-
lutants. The maximum adsorption value would appear in the adsorption process of
styrene-DVB resin for homocarboxylic acid. For example, in a weakly acidic environment
with a pH value of 4–6, poly (ethylimide) adsorbents were effective in decontamination [57].
The effect of pH on removing hexavalent chromium was carried out in the pH range of
2–9 [54]. When the pH was 5, the adsorption capacity of Cd and Ni ions on polystyrene
nanofibers reached the highest value [58]. The most favorable adsorption conditions of
polyacrylonitrile-2-aminothiazole resin for mercury, cadmium, lead, copper, zinc, and
nickel are 2.50–6.50 [59].

When the pH was 5.95, D152 resin adsorbed cadmium(II). For the adsorption of cad-
mium and nickel ions on polystyrene nanofibers, the adsorption of Er(III) on acrylic grafted
polytetrafluoroethylene fiber was the highest [60]. The positive charge of polystyrene
microplastics was favorable for the attraction of HA and FA when the pH was less than
2.75. At pH 5, IDA-chelating resin adsorption of bivalent heavy metal ions follows the
same principle. In the pH range of 5–9, the content of Cd adsorbed on MPs first increased
and then decreased.

The adsorption effect of IRN77 cation exchange resin on Co(II), Cr(III), and Ni(II) was
the best at the pH of the original solution [61], and the adsorption of polyacrylonitrile-2-
amino-2-thiazoline resin for precious metal ions [62], adsorption treatment of Cu(II) and
Pb(II) with amine and sulfur-chelating resin was similar [63]. In the adsorption of Rh(III),
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Ru(IV), Pd(II), and Ir(IV) by polyacrylonitrile-thiosemicarbamide resin, a high pH was
beneficial to the adsorption of Pd(II) [64].

When the pH was 5.8, the most suitable amine chelating resin for Cu(II) and Pb(II)
absorption, if the pH was too low, amino groups were accessible to protons. When the
pH was too high, metal ions easily precipitate by plugging the pore size. Moreover, it was
possible to treat some metal ions in water when the pH was too high, such as the adsorption
of copper by microplastics [65]. However, Cu(OH)2 precipitation was generated instead
of adsorption.

5.2. Effects of Particle Size

Microplastics with small particle sizes have a larger adsorption capacity because the
specific surface area of plastics with small particle sizes is more prominent, which increases
their contact area with pollutants, thus, significantly improving the adsorption performance
of plastics. Weathering also increased the specific surface area of plastics, changed the
particle size of microplastics, and produces oxygen groups, which would increase their
polarity, charge, roughness [66], and porosity [49].

In addition, the same principle applies to crystallinity, with lower crystallinity poly-
mers accumulating more contaminants. In the adsorption experiment of trinitrophenol and
TCEP with polyethylene and polyvinyl chloride microplastics, plastic with a small particle
size was better. The adsorption of phenanthrene on microplastics and medium plastics
followed the same principle, and phenanthrene on microplastics had a more substantial
adsorption capacity [67]. In conclusion, adsorbents with larger surface area had a larger
adsorption capacity. Table S2 summarizes the surface area of different adsorbents.

5.3. Effects of Temperature

In the experiment of ion adsorption by microplastics, the temperature was a critical
factor affecting the reaction result. In addition, hydrolysis and ionization can be promoted
at high temperatures, and pollutants can be pyrolyzed at high temperatures to improve the
sewage treatment capacity of microplastics. For the adsorption of mercury from coal and
waste PVC, the adsorption efficiency of mercury increased from 600 to 800 ◦C. Similar to
polystyrene sphere macromolecules with a positive charge, high-temperature polystyrene
sphere macromolecules with intense movement can fully collided with anions and attracted
each other to adsorb more anionic dyes. In addition, the adsorption of Cr(III) and Fe(III) on
modified polyethyleneimine had similar results [68].

As the temperature increases, the adsorption performance of microplastics will also
improve, such as the adsorption of cadmium(II) by D152 resin [60], adsorption of Er(III) on
acrylic grafted polytetrafluoroethylene fiber [60], adsorption of metal ions, such as Cu(II),
by cross-linked polystyrene supported low-generation diethanolamine dendrimers [69]
and adsorption of precious metal ions on polyacrylonitrile-2-amino-2-thiazoline resin [62].
Moreover, the adsorption efficiency of polythioctylic acid-based coagulants for organic
pollutants, such as bisphenol, decreased by approximately 10% when the temperature
dropped from 330 to 277 K [55]. Although, according to various data, the adsorption
effect of the grafted PTFE fiber on Cu(II) increased with increasing temperature [70], these
spontaneous reactions and endothermic reactions under high-temperature conditions can
have a good adsorption effect.

Subsequently, high temperatures were not always the supreme effect. For example,
in the adsorption of TnBP and TCEP by polyethylene, the surface tension and van der
Waals force of the organic light-emitting materials decreased at high temperatures, which
hindered the adsorption performance. In addition, some exothermic reactions, such as
the adsorption of As(III) by polytetrafluoroethylene (PTFE) microplastic particles, had an
inhibiting effect on spontaneous adsorption [71].
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5.4. Effects of Salinity

Salinity also played a specific role in the adsorption process of microplastics, such as
the treatment of aromatic amines by polyethylene microplastics. With increasing salinity,
the adsorption efficiency gradually increased [20]. Moreover, high salinity in water inhib-
ited the release of carbon nanotubes and photodegradation, and the adsorption properties
of microplastics were affected to a certain extent. In the experiment of removing heavy
metal ions, coexisting sodium ions grabbed adsorption sites of heavy metals in a short time,
thus, reducing the removal efficiency of heavy metals [72].

5.5. Effects of Functional Groups

Functional groups are also an essential factor that affects the adsorption of microplas-
tics. The existence of functional groups endowed materials with different properties. As
these functional groups showed unique properties, they exhibited excellent adsorption
effects on pollutants. In addition to the functional groups of the resin itself, aging [73] and
weathering yielded more surface area and produced all kinds of functional groups. This
increased their polarity, charge, roughness, and porosity to a certain extent, which affected
the adsorption capacity of microplastics [74]. It was proven that the adsorption capacity of
PE for chlortetracycline and amoxicillin increased by 1.08–14.24 times after aging [75]. Fur-
thermore, different functional groups may produce different results in acid–base, hydrogen
bonding, complexation, etc.

Functional groups in the adsorption of microplastics generally promoted the exper-
iment. For example, in the adsorption experiment of resin for phenol, the amine group
on the resin, quaternary amine, primary amine, and secondary amine groups were con-
ducive to the adsorption of resin for phenol, while the tertiary amine group is not [76]. The
tert-butyl ester group in glass fiber-reinforced plastics also promoted the adsorption of
polyacrylic acid [77]. When coal and waste polyvinyl chloride adsorbed mercury, the car-
bon chloride functional group could be converted to ionic chloride to realize the adsorption
of mercury [78].

Calcium ion polymers can effectively adsorb organic micropollutants because of the
π-rich network in porous polycalixarenes [79]. Similar to the adsorption of mercury by
polyethyleneimine-modified porous cellulose carriers, the adsorption of metal pollutants
by microplastics was free from the influence of pH value due to the action of the amine
group [80]. Polyacrylonitrile-thiosemicarbazone resin contained triazolthione functional
groups, Pd(II) adsorption required one active functional group, while Ru(IV) and Ir(IV)
adsorption required two functional groups [64].

However, under exceptional circumstances, the functional groups inhibited the adsorp-
tion of microplastics. For example, alcohol groups in cellulose can be acetyl, which changed
the structure of cellulose, and cellulose triacetate is more acetyl than cellulose acetate,
which reduced its ability to adsorb 2,4-hexadiene (sorbic acid) [51]. Furthermore, with the
increasing in the polarity of aromatic amines, the adsorption of polyethylene to aromatic
amines was hindered [20]. In contrast to the adsorption experiment on polyethylene and
nylon fibers, there was no obstruction of hydrophilic group amide, and polyethylene fiber
had a decisive advantage in the adsorption capacity and adsorption speed; however, the
other structure of the resin was unable to avoid the effect of inhibition [81].

In addition, in the adsorption experiment of Cu(II) by cross-linked polystyrene-
supported low-generation diethanolamine dendritic polymer, too many functional groups
caused a large area of blockage, and Cu(II) could not adsorb well on the resin [69]. To
a certain extent, the adsorption efficiency of coal and waste PVC on mercury gradually
increased with increasing PVC content. However, with the addition of abundant PVC, the
adsorption efficiency of coal and waste PVC on mercury decreased because too much PVC
easily blocked the pore size [78].
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5.6. Effects of Ionic Strength

Ionic strength plays a small role in the adsorption experiments of microplastics; for
example, the adsorption of pyrazystole and dioxystole could promote the experiment;
however, for others, it had no similar effect [82]. In addition, due to the salting-out
impact, a high salt concentration was more conducive to the adsorption of DPA molecules
by microplastics [20]. Moreover, the presence of salt ions in the adsorption of triazole
fungicides on polystyrene resulted in the highest adsorption capacity [50].

5.7. Effects of Surfactants

In resin adsorption experiments of pollutants, due to their hydrophobicity, the resin for
pollutant adsorption efficiency was not high, and the solubility of a surfactant could change
the resin. The adsorption performance of the resin, the most representative, was silica,
which could adhere to the surface of organic matter or inorganic matter and be soluble
in the inorganic or organic matter [83]. The adsorption of cationic methyl bromide on
pure polyvinyl chloride was enhanced by mucopolysaccharides [84], which was a typical
example of enhanced adsorption of ionic pollutants by surfactants. In addition to sewage
treatment, surfactants were also widely used in facial, hair, and clothing cleaning work.

5.8. Effects of Solubility, Concentration and Dosage

The different solubilities of pollutants produced different adsorption results. For exam-
ple, the results of the adsorption experiment on chloromethane by plastic indicated that the
adsorption amount of trichloromethane by plastic was greater than the adsorption amount
of carbon tetrachloride, which is the reason for the solubility [85], and the adsorption of
lead and cadmium in intertidal sediments by facial scrub beads [86].

In the adsorption of 2,4,6-nitrotoluene by functionalized polystyrene nanospheres, the
adsorption amount initially increased and then flattened because the high solubility of KH-
570 obstructs the phosphorus–phosphorus accumulation interaction between the adsorbent
and pollutant [87]. However, hydrophobic substances were more easily removed from an
aqueous solution than hydrophilic substances, with different solubility and adsorption
results [85].

In different experiments, the concentration altered the effects on the adsorption pro-
cess of microplastics. As in the adsorption of three triazole fungicides by polystyrene
microplastics, the concentration promoted the adsorption capacity of polystyrene [50].
Polystyrene can enhance the migration of nonpolar (pyrene) and weakly polar (2,2,4,4-
tetrabromodiphenyl ether) compounds in saturated soils. However, in the adsorption of
5-sodium disulfoisphthalic acid by acrylate polymer YWB-7 resin, the methanol content
had a hindrance effect on the performance of the adsorbent [88].

High levels of microplastics can absorb more pollutants. For example, with the increase
in polystyrene nanofiber sorbent, the adsorption efficiency of cadmium and nickel ions can
reach more than 90% [58]. The IRN-77 cation exchange resin for Co(II), Ni(II), and Cr(III),
three kinds of ion adsorption efficiencies, is very high, and the increase in IRN-77 cation
exchange resin dosage can reach 100% [89]. The same effect was observed with modified
polyethyleneimine Cr(III) and Fe(III) adsorption [56].

The adsorption of Co(II), Cr(III), and Ni(II) on IRN-77 cation exchange resin followed
the same principle [61]. The adsorption efficiency of phenanthrene and its mono hydroxyl
derivatives increased with the amount of adsorbent [90]. In addition, some reagents can also
affect the adsorption efficiency of microplastics. For example, in the adsorption of 5-sodium
disulfoisylphthalic acid by acrylate polymer YWB-7 resin, the amount of methanol can
seriously hinder the efficiency of the adsorbent [88].

On the other hand, the pore size of the adsorbent also followed the same principle,
such as poly(ethylimide) adsorption of lead and mercury. The larger pore size of the
adsorbent can provide better adsorption effect [57]. Thus, the difference in the amount of
pollutants adsorbed by these plastics was due to the influence of solubility, concentration,
and dosage on the adsorption performance of microplastics.
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5.9. Effects of Adsorption Selectivity

Adsorption selectivity refers to the excellent adsorption performance of microplastics
for some pollutants in the process of treating mixed contaminants. For example, polyaniline
hybrid hydrogels showed high selective adsorption capacity for chromium(VI), eosin
yellow, rose red, methyl orange, and other anionic pollutants but showed low adsorption
capacity for mercury(II), lead(II), rhodamine B, bismuthite Brannia methyl blue, and neutral
red [54].

On the other hand, polystyrene-deg-3-ap, polystyrene-TeG-3-AP 3-aminopyrine, and
hydrophilic spacer arm chelating resin for Hg(II), Ag(I), Fe(III), Pb(II), Co(II), Cu(II), Ni(II),
Cd(II), Zn(II) plasma, and Hg(II) showed a strong adsorption capacity [91]. In addition,
phenanthrene had stronger adsorption on microplastics than did 1-nitronaphthalene. Po-
larity enhanced the adsorption of 1-nitronaphthalene on microplastics [92].

Table 1. Adsorption of organic pollutants.

Adsorbent Size Range Pollutants Influencing Factors Reference

plastic cellulose acetate — 2,4-diallyl (sorbic acid) pH [51]
PE, PS, PVC — PFOS, FOSA pH [52]

polymer resin — phenol pH [53]
polylipoic acid

ester-base coagulant
0.40–0.56 and
0.15–0.30 mm

organic pollutants
(pops) temperature, pH [55]

HDPE, PS, LDPE, PVC, SSA —
the Philippines,

Nitrobenzene and
naphthalene

particle size,
crystallinity, [67]

anion exchange resin — phenol amino [76]
glass fiber reinforced plastic — polyacrylic acid tert-butyl ester groups [77]

porous polycarboxarene — organic
micropollutants π [79]

the original rusty
water microplastic 0.2 mm ions, organic pollutants the surfactant [84]

polyethylene, neoprene,
polyvinyl chloride and

polyurethane foam
12 mm chlorinated methane

chlorinated methane
solubility,

concentration
[85]

functionalized polystyrene
nano ball — 2,4,6-trinitrotoluene

(TNT) the dosage of KH-570 [87]

acrylate polymer YWB-7 resin 0.4–0.6 mm 5–2 sulfo sodium
isophthalic acid methanol content [88]

micro polyvinyl chloride
(PVC) plastic 80–210 μm Fe and single hydroxyl

derivatives adsorbent dosage [90]

PA, PVC, PET — sulfanilamide UV-irradiation,
temperature [93]

polyethylene and polyvinyl
chloride (PVC) plastic

1–5, 0.425–1,
0.125–0.425 and
0.045–0.125 mm

san zhang butyl ester
phosphate and

phosphate (2-ethyl
chloride)

particle size [94]

polystyrene 80.4 ± 7.9 nm organic pollutants
(pops) the concentration of [95]

biological membrane reinforced
plastic microfiber 2–3 mm perfluorinated octane

sulfonic acid (PFOS) aging [96]

PE, PS, PA, and PVC

152.53 ± 57.92,
168.55 ± 57.50,

109.44 ± 44.53, and
57.64 ± 26.50 μm

nonpolar organic
compounds adsorbent performance [97]

PS and PP 3.5 mm in length +2.2
mm wide and 3–5 mm

fuel aromatics
and ether aging [98]

polystyrene 29 μm nonionic organic
compounds functional groups [99]

119



Nanomaterials 2022, 12, 2256

Table 2. Adsorption of inorganic pollutants.

Adsorbent Surface Area Pollutants Influencing Factors Reference

polystyrene (MPS) — nanometer oxide
(CeNPs) heavy metals (HM) [46]

iminodiacetic acid
chelating resin

0.40–0.56 and 0.15–0.30
mm

Sc(III), Y(III), La(III),
Fe(III), Al(III), Ga(III),

In(III)
pH [55]

modification of
polyethyleneimine 0.15 and 0.075 mm Cr(III), Fe(III) pH, adsorbent dosage,

temperature [56]

polyethylimine — Pb and Hg the aperture [57]
polystyrene nanofibers — Cd, Ni pH, adsorbent dosage [58]

polyacrylonitrile-2-amino
thiazole resin 25.9 nm Hg, Cd, Pb,

Cu, Zn, and Ni pH [59]

acrylic acid grafted
polytetrafluoroethylene fibers — Er(III) pH, temperature, initial

metal ion concentration [60]

IRN77 cation exchange resin <0.300 mm,
>1.180 mm Co(II), Cr(III), Ni(II)

dosage, pH, stirring
time, and initial
concentration

[61]

polyacrylonitrile-2-amino-2-
thiazole

moiety resin
— precious metal ions temperature, pH [62]

amines and sulfur chelating resin — Zn (II), Cd (II), Hg (II) pH [63]
polyacrylonitrile-amino

thiourea resin 25.1 nm Rh(III), Ru(IV),
Pd(II), Ir(IV) pH, functional groups [64]

methyl glycidyl ester of
acrylic resin 0.07, 0.15 and 0.06 μm Cu(II), Pb(II) pH [65]

cationic polystyrene balls — paper anion pollutants
in water

temperature,
distributed control

system
[68]

crosslinked polystyrene
diethanolamine load DiDai type

of dendritic polymers
— metal ions temperature, content of

functional groups [69]

grafted polytetrafluoroethylene
fibers — Cu(II) temperature [70]

coal and polyvinyl chloride
(PVC) scrap 150–200 μm Hg temperature [78]

porous cellulose modified
polyethylene imine carrier — Hg the adsorption

selectivity [80]

IRN-77 cation exchange resin <0.300 mm,
>1.180 mm Co(II), Ni(II), Cr(III) adsorbent dosage [89]

3-aminopyridine hydrophilic
spacer chelating resin —

Hg(II), Ag(I), Fe(III),
Pb(II), Co(II), Cu(II),

Ni(II), Cd(II)
the adsorption capacity [91]

IRC748 and NDC702 36.85 and 34.53 nm Cu(II), Pb(II), Cd(II) pH [100]
new IDA-chelating resin — Cu(II), Pb(II), Cd(II) pH [101]

D152 resin 10.3 nm Cd(II) pH, temperature [102]
polyacrylic acid-PVC composite

adsorbent — cadmium pollution of
wastewater pH [103]

PS — Cr(VI) aging [104]
doped polyaniline — anionic dye doping [105]

“X” shape of the cavity 2 d
coordination polymer — oxygen anion

pollutants
the adsorption

selectivity [106]

phytic acid doped polyaniline
nanofibers 80–100 nm water-borne Cu(II) pH [107]

new type of sulfur-containing
polyamine chelating resin — precious metal The solvent,

temperature, and time [108]

electrospinning fiber membrane — heavy metal porosity, specific
surface area [109]

amination polyacrylonitrile fiber — Pb, Cu pH [110]
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Table 3. Adsorption of mixed pollutants.

Adsorbent Surface Area Pollutants Influencing Factors Reference

porous super hydrophobic foam
plastic — oily wastewater a small amount of span

80 and silica particles [83]

carbonized polypropylene — oil NiO catalyst diameter [111]
weak base anion exchange resin — benzene sulfonate pH [112]

polystyrene matrix — protein fiber connection the concentration of [113]

polystyrene — thrombin
cone methyl sulfonate

and sulfanilamide
essence

[114]

La(OH)3@SA/PAM —
methylene blue, crystal

violet, and malachite
green

ultraviolet light [115]

metal ions impregnated
polystyrene resin — antibiotics in water

pollutants pH [116]

grafted polyethylene imine
melamine formaldehyde — CO2 temperature [117]

polyvinyl chloride
(PVC)/polystyrene fiber

electrostatic spinning
70–300 μm oil pollution porosity [118]

polyvinyl chloride (PVC)
mesoporous membrane 45 nm methylene blue porosity [119]

2-amino modified
Chloromethylated polystyrene

and GQ-08 resin
9.93 and 8.99 nm glyphosate pH [120]

PTFE membrane 0.1 μm crude oil

crude oil initial
concentration, contact

time, pH, ionic
strength, temperature

[121]

polymer nanocomposites —
harmful pollutants in

the water or
wastewater

pH [122]

low poly beta cyclodextrin
coupling polystyrene — puerarin solubility [123]

6. Adsorption Mechanism

Interlaced and complicated factors formed the adsorption mechanism of microplastics
on pollutants. Figure 5 briefly depicts the mechanism of the pollutant adsorption process
by microplastics. Based on the literature on the adsorption of plastics on various pollutants,
the adsorption mechanism of plastics on pollutants include many aspects, and these are
briefly summarized in Tables S3–S5: (i) The adsorption mechanism of plastic on organic
pollutants as shown in Table S3; (ii) The adsorption mechanism of plastics on inorganic
pollutants as shown in Table S4; and (iii) the adsorption mechanism of plastics on other
pollutants as shown in Table S5. In addition, the adsorption affinity, hydrogen bonding,
π–π interactions [124], and etc., as shown in Figure S2, had different results in different
adsorption experiments, as follows.

121



Nanomaterials 2022, 12, 2256

Figure 5. The adsorption machines in the process of adsorbing pollutants with microplastics.

6.1. Adsorption Affinity

The adsorption affinity of resin for pollutants was one of the main mechanisms for
studying the properties of microplastics. In the adsorption process of microplastics, they
often showed remarkable adsorption capacity for some contaminants. As in the process
of chloromethane adsorption of plastic adsorbent, the low solubility of chloromethane
was more readily adsorbed [85]. However, with the adsorption of styrene-DVB resin for
homocarboxylic acids, carboxylic acids with high molecular weights were more easily
adsorbed. The adsorption capacity of mercury was always higher than that of lead in the
adsorption capacity of poly(ethylamine) to lead and mercury [57].

In the adsorption of mercury by a polyethyleneimine-modified porous cellulose carrier,
the mercury amine complex was formed by a polyethyleneimine-modified porous cellulose
carrier; thus, mercury had high stability, which made microplastics have a high mercury ad-
sorption efficiency [80]. Additionally, the folate-polyaniline hybrid hydrogel can selectively
adsorb anionic dyes and has a higher affinity for anionic pollutants, such as chromium (VI),
eosin yellow, rose red, and methyl orange [54]. Likewise, polyacrylonitrile-2-aminothiazole
resin also had a high adsorption efficiency for mercury-, cadmium-, lead-, copper-, zinc-,
and nickel-polluted wastewater [59].

Under the condition of the coexistence of Hg(II), Ag(I), Fe(III), Pb(II), Co(II), Cu(II),
Ni(II), Cd(II), and Zn(II) ions, 3-aminopyrine hydrophilic spacer arm chelating resin showed
strong adsorption performance for Hg(II) [91]. Interestingly, polyvinylchloride microplas-
tics had a higher affinity for TCEP in the adsorption of trin-butyl phosphate and tris
(2-chloroethyl) phosphate [94]. When microplastics (MPs) were used to remove fungicides,
the adsorption capacity of pyrrole cyclosporin was the highest, followed by microoxysporin
and dioxysporin [82]. In general, polyethylene exhibited greater adsorption capacity than
other types of plastics [125].

The role of functional groups, such as the adsorption effect of terlomycin on MPs,
was in the order of PE (polyethylene) < PP (polypropylene) < PS (polystyrene) < PVC
(polyvinyl chloride). In addition to its strength, the adsorption affinity sometimes needed
the help of other substances. For example, silica played a vital role in treating oil-containing
wastewater by porous waste plastic superhydrophobic foams, and silica had a strong affinity
for both porous waste plastic superhydrophobic foams and oil-containing wastewater [125].

In the adsorption of iminodiacetic acid chelate resin for trivalent metal ions, Sc(III) >
Ga(III) ≈ In(III) ≈ Fe(III) > Y(III) > La(III) > Al(III); however, in aqueous solution, Ga(III)
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> Fe(III) > In(III) > Sc(III) > Al(III) > Y(III) > La(III) [55]. In the pH range of 2–8, metal
ion-impregnated polystyrene resins had a strong adsorption capacity for antibiotic contam-
inants in water [116]. The adsorption of Cd and Ni ions on polystyrene nanofibers in an
aqueous solution can achieve the best effect [58]. Adsorption was the main mechanism of oil
pollution treatment for the porous structure of electrospun polyvinyl chloride/polystyrene
fiber [118].

In addition, there was adsorption selectivity, as low concentrations of polystyrene
enhance the migration of nonpolar (pyrene) and weakly polar (2,2,4,4-tetrabromodiphenyl
ether) compounds but had little effect on the migration of three polar compounds (Bisphenol
A, bisphenol F, and 4-nonylphenol) [95]. Moreover, when Co(II), Ni(II), and Cr(III) ions
coexist in a solution, Cr(III) replaced them even if Co(II) and Ni(II) were adsorbed on the
resin [89].

6.2. Chemical Bonds

In the process of resin treatment of microplastics, the role of various chemical bonds
cannot be ignored, such as hydrogen bonds, van der Waals forces, π–π interactions,
phosphorus–phosphorus accumulation interactions, carbon–chlorine bonds, etc.

Hydrogen bonds were an important factor affecting the mechanism of resin adsorption.
For example, the hydrogen bond formed between the electron pair on nitrogen and the
hydroxyl hydrogen of molecular phenol, the hydrogen bond connected to the nitrogen of
amine, and the hydrogen bond formed between the hydrogen of the hydroxyl group and the
free amine group played an essential role in the adsorption performance of microplastics.
The adsorption of 5-sodium disulfoisphthalic acid by acrylate polymer YWB-7 resin was a
similar principle [88].

Consequently, benzene rings and other functional groups inevitably appear in resins.
Under the influence of the benzene ring and functional group, polystyrene had higher
adsorption performance for echinophilin [82]. In the process of the adsorption test of
polyethylene microplastics to organic luminescent materials, the characteristic band of
the infrared spectrum showed no change [94]. Due to these benzene ring functional
groups, resin adsorption containing pollutants will produce π–π interactions. For instance,
polystyrene was adsorbed to echinophorin [82]. The adsorption of phenanthrene on
plastic fibers (some plastics and phenanthrene contain benzene rings) [81], plastics and
microplastics, phenylene, nitrobenzene, naphthalene, and other substances played a key
role in the degradation of pollutants due to the presence of benzene ring functional groups.

Moreover, when coal and waste polyvinyl chloride adsorbed mercury, the carbon–
chlorine bond can be changed into chloride ions, thus, realizing the chemisorption of
mercury [78]. Phosphorus–phosphorus accumulation interactions played an important role
in the interaction between adsorbents and trinitrotoluene [87]. In addition, the adsorption of
Cd(II) by D152 resin was also investigated. The removal efficiency of Cu(II) was significantly
improved by modifying PTFE fibers by radiation grafting to make them contain C=O and
-OH functional groups [70].

6.3. Ion Exchange

As the experiment continued, the pH remained the same; however, the pollutant was
gradually absorbed, indicating that the pollutant was removed by ion exchange. As with
anion exchange resins that absorb phenol [76], ion exchange between carboxyl groups of
proteins and functional groups of resins in the form of acids; phenol formaldehyde anion
exchange resin can not only exchange ions in the form of acid but also absorb protons in
the form of the free base under the action of amine functional group of benzene sulfonate
(BS) removal [112].

In the adsorption of phenol by ion exchange resin, alkaline conditions were the
most favorable [53]. Ion exchange of charged carboxyl groups of polyacrylic acid with
cadmium(II) solution [103]. The iminodiacetic acid chelating resin had an ion exchange
effect in the adsorption of Cu(II), Pb(II), and Cd(II) ions [101].
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6.4. Hydrophobic Interaction

As hydrophobic organic matter, microplastics had abnormal adsorption capacity for
hydrophobic organic matter [126], hydrophobic substances are more easily removed from
aqueous solutions than hydrophilic substances [85]. For example, polythioctanoid-based
coagulants preferred compounds with positive octanol-water partitioning coefficients [55].
The adsorption capacity of ectocystine on polyethylene was in the order of pyrazolesterim,
dixoxystim, and pyrazolesterim. Between the functionalized polystyrene nanospheres
and 2,4,6-trinitrotoluene, the adsorption capacity of polystyrene and KH570-polystyrene
nanospheres for trinitrotoluene was the highest [87].

In the adsorption experiment of chlorinated methane by plastic, GAC > PLJ-PVC >
NEO > PE [85]. Perfluorinated octane sulfonic acid (FOSA) was more easily adsorbed on
polyethylene [52]. In the adsorption of three triazole fungicides by polystyrene microplas-
tics, the resin with strong hydrophobicity had more substantial adsorption power [50].
Benzene derivatives were more hydrophobic than benzene monomers, therefore they were
polyethylene rather than other polymer resins with higher adsorption properties [49].

In the adsorption of porous polycalixarene to organic micropollutants, CalP4 showed
ultrafine adsorption [79]. After the adsorption of phenanthrene and its mono hydroxyl
derivatives, the bands of PVC microplastics did not change significantly [90]. The adsorp-
tion efficiency of 5-sodium disulfoisylphthalic acid by acrylate polymer YWB-7 resin was
higher in an aqueous solution without methanol [88].

6.5. Role of the Environment

In addition to the adsorption of pollutants by microplastics themselves, aging and
other factors can enhance the adsorption performance of microplastics [127]. The adsorption
effect of Cu(II) on metal ions was the best in the experiments of cross-linked polystyrene-
supported low-generation diethanolamine dendrimers [69]. IDA-chelating resin had the
best adsorption effect on Cu(II) and the worst adsorption effect on Cd(II) [100]. There
were many kinds of microplastics, such as polyamide, rubber, and glass, and similar to the
adsorption of metal pollutants, the adsorption effect was the best for polyamide and the
worst for glass [30].

In the adsorption of Co(II), Cr(III), and Ni(II) by IRN77 cation exchange resin, Cr(III)
was mainly adsorbed. Even though IRN77 cation exchange resin will adsorb Co(II) and
Ni(II) at the beginning, it will desorb after some time, and the adsorption site is replaced by
Cr(III) [61]. Among the adsorptions of rhodium(III), ruthenium(IV), iridium(IV), and palla-
dium(II), the adsorption of polyacrylonitrile-ATAL was the highest for rhodium(III) [64].
Polyacrylonitrile-thiosemicarbazone resin had excellent adsorption selectivity for Rh(III),
Ru(IV), Pd(II), and Ir(IV) [64]. In the adsorption of Cu(II) and Pb(II) by amine chelating
resin, the absorption effect of copper was higher than that of lead under any conditions [63].

6.6. Electrostatic Interaction

Electrostatic interactions were due to the process of plastic adsorption, adsorption, and
pollutants due to attraction or repelling of each other with charge. Glass-reinforced plastics,
for example, were positively charged in acidic conditions and had a strong electrostatic at-
traction to acrylic polyamphoteric electrolytes [77]. At low pH, primary amines, secondary
amines, and imines in folate-polyaniline hybrid hydrogels had groups containing holes,
which can be protonated to form positively charged cations (e.g., –NH3

+, –NH2
+, –NH+,

etc.), these cationic groups had an electrostatic attraction with Cr(VI), Hg(II), and Pb(II),
thus, improving the removal efficiency [54].

The positively charged cetyltrimethylammonium bromide can effectively adsorb an-
ions in the presence of surfactants [84]. The adsorption of perfluorooctanesulfonamides by
polyethylene microplastics was not affected by ionic strength; however, the influence of
ionic strength was evident after ionization of pollutants, which was the effect of electro-
static force. Due to the pH value, the electrostatic interaction with pollutants affected the
adsorption of three triazole fungicides by polystyrene microplastics [50].
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6.7. Other Adsorption Mechanisms

In addition to the above common mechanisms of pollutant adsorption of several
microplastics, there were also carboxyl functional groups in acrylic grafted PTFE fibers,
which can bind with Er(III). Metal ions Er(III) have empty orbitals, and carboxyl groups
provide their electron pairs, which belong to complexation. Under the action of surface-
initiated free radicals, cationic substances can be connected on the surface of polystyrene
spheres to obtain cationic microplastics and can then act as high-efficiency adsorption
anionic pollutants in white papermaking water, which was grafted [68]. The properties of
chelating groups and metal-ligand CO stability, such as amine and sulfur chelating resin
for Cu(II) and Pb(II) adsorption [63]. The chelating mechanism of polyethylamine with
lead and mercury are all examples of this [57].

7. Conclusions

7.1. Summary

The reasons and mechanisms of plastic adsorption for organic, inorganic, and mixed
pollutants were discussed. There are many reasons affecting sewage treatment in using
plastic. The influence of plastics includes many factors. As far as the most typical pH was
concerned, it was divided into three aspects: (i) The existence of electrostatic repulsion
at low pH reduced the adsorption efficiency. (ii) The adsorption efficiency was the high-
est when the pH was between 3 and 6. (iii) Precipitation at a high pH value. However,
there were certain exceptions as mentioned earlier. In addition, the actions of the environ-
ment, illumination, weathering, crushing, etc. further increase the contact area between
microplastics and pollutants.

The mechanism of sewage treatment by using microplastics was also complicated and
interrelated. We found that the main mechanism of sewage treatment by using microplastics
was mainly divided into: (i) Plastics naturally had other properties, such as showing a
cationic effect, high-efficiency adsorption, and a porous structure, and they showed a
unique and strong affinity for pollutants; (ii) microplastics with carboxylic acid, amino
groups, and other functional groups had hydrogen bonds and electrostatic attraction with
pollutants; and (iii) the pore-carbon structure benzene ring of microplastics could produce
π–π interactions or phosphorus–phosphorus stacking interactions.

At present, microplastics have great potential in sewage treatment. In addition to the
adsorption capacity (hydrophobic), adsorption efficiency, and other advantages, microplas-
tics in sewage treatment have reusable benefits in comparison to other adsorbents. The
excellent performance of microplastics in sewage treatment is still being investigated. In
addition to sewage treatment, microplastics have been applied in industry. Microplastics
will be even more valuable in the future.

7.2. Prospect

Adsorption technology is gradually applied to all aspects of environmental treatment,
and it occupies a dominant position in sewage treatment. In this paper, the adsorption
mechanism and influencing factors of different adsorbents for different pollutants were
summarized as well as the activities of microplastics in soil and water environments. These
have reference value for the study of microplastic adsorption. Although the influence of the
water environment, soil fractionation, and speciation on the microplastic adsorption process
are not completely clear, we hope that large-scale, sustainable, and low-cost adsorption
technologies will be developed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12132256/s1, Figure S1: The process of forming large plas-
tics into microplastics, Figure S2: Schematic representation of the six sorption mechanisms, Table S1:
Classification of microplastics, Table S2: Surface area parameters of different adsorbents, Table S3: Ad-
sorption mechanism of organic pollutants, Table S4: Adsorption mechanism of inorganic pollutants,
and Table S5: Adsorption mechanism of other pollutants [128–134].
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Abstract: Adsorption is the most widely used technique for advanced wastewater treatment. The
preparation and application of natural renewable and environmentally friendly materials makes this
process easier and more profitable. Chitosan is often used as an effective biomaterial in the adsorption
world because of its numerous functional applications. Chitosan is one of the most suitable and
functionally flexible adsorbents because it contains hydroxyl (-OH) and amine (-NH2) groups. The
adsorption capacity and selectivity of chitosan can be further improved by introducing additional
functions into its basic structure. Owing to its unique surface properties and adsorption ability of
chitosan, the development and application of chitosan nanomaterials has gained significant attention.
Here, recent research on chitosan nanoparticles is critically reviewed by comparing various methods
for their synthesis with particular emphasis on the role of experimental conditions, limitations,
and applications in water and wastewater treatment. The recovery of pollutants using magnetic
nanoparticles is an important treatment process that has contributed to additional development and
sustainable growth. The application of such nanoparticles in the recovery metals, which demonstrates
a “close loop technology” in the current scenarios, is also presented in this review.

Keywords: nano-sorbent; adsorption; chitosan nanoparticles; pollutant and metal recovery; functionally
flexible adsorbent; water treatment

1. Introduction

The diversity and complexity of pollutants greatly affect the efficiency of wastew-
ater treatment [1]. To overcome this limitation, extensive research has focused on the
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development of biosorbents [2,3] and their variable applications with the help of nanotech-
nology [3,4]. Nanotechnology exploits the properties of any material at the nanoscale. The
materials of this new technology are termed nanoparticles (NPs) [5]. Nanotechnology is an
ideal solution to ensure high quality water. It can be considered a powerful 21st century tool
for protecting the environment and improving environmental quality [6]. The application
of nanotechnology in water purification and environmental sanitation has potential, as
conventional methods do not always provide cost-effective solutions for the removal of
common pollutants. Conventional technologies have a limited lifetime, generate hazardous
and toxic environmental wastes, and are non-renewable. For several years, NPs have been
the subject of numerous research publications, and patents, because of their large surface
area, high resistance to heat and chemicals, and high adsorption capacity for the removal
of organic and inorganic contaminants [7–11].

Adsorption technology is one of the most reliable strategies in wastewater treatment, and
the use of a variety of nanosized adsorbents enables preferential surface adsorption [12–16].
The increase in surface area can increase the sorption capacity towards pollutants on the
surface of NPs [6,17–20]. In addition to wastewater treatment, NPs are used as antimicrobial
agents [21], as catalysts [22], in biomedicine, energy conversion [23], agriculture, electronics,
and optoelectronics industries [24]. According to Vakili et al. (2014), nano-chitosan is one
such nanomaterial that is a natural substance with excellent physicochemical properties and
is harmless to humans [25]. Therefore, chitosan biopolymer has become the environmentally
friendly substance of choice. Several modifications have been carried out on the alginate
for the introduction of the amine functional group (-NH2) on its surface [26–28], or other
biosorbents by introducing other actives functions [29–34], this active site is found naturally
in chitosan. Chitosan is rich in amino (-NH2) and hydroxyl (-OH) groups, which gives it a
powerful adsorption capacity and reactivity to most pollutants [35–38]. Thus, chitosan is
an excellent natural adsorbent that can be modified to increase its efficiency and improve
its basic properties [6,17,39–41].

The main problem with using chitosan in its natural form is its low adsorption capacity,
which can be improved by physical or chemical modification. Hence, researchers have
developed more effective chitosan-based adsorbents. Chitosan NPs are among the best
nano-adsorbents due to their large surface area, high adsorption capacity, and environ-
mental friendliness. Chitosan is abundant in nature, reusable, and can be easily modified
with various chemical and biological agents so that it can be regenerated and reused over
several cycles. Chitosan NPs can be categorised as nano adsorbents that meet the essential
criteria for use in wastewater treatment. Chitosan NPs can be chemically inert, and their
morphology resists various complex conditions.

The preparation of chitosan NPs cannot only improve the surface area and adsorption
capacity, but the presence of functional groups also makes it selective [42–44]. Since chitosan
is biodegradable, it does not cause additional environmental pollution. Apart from its
ecological nature, it also has antibacterial properties that enhance its use as an adsorbent
for water treatment. According to Saxena et al. (2020), it needs chemical modification using
chemical cross-linking to increase its stability over time [45].

In the present review, the basic properties of chitosan NPs and chitosan magnetic
NPs, including chitosan nanocomposites, and other types based on chitosan NPs are
discussed. Some effective preparation methods, such as covalent crosslinking, ionic gelation,
change in pH, and other methods are also discussed. The characteristics of chitosan and
operational conditions are compared in terms of their efficiency as adsorbents for the
removal of various pollutants, such as uranium, and rare metals. The parameters affecting
the adsorption mechanism, and advantages and limitations of using chitosan NPs in fields
of sorption/biosorption are presented.

2. Unique Properties of Chitosan Nanomaterials and Magnetic Chitosan

Chitosan (poly [β-(1-4)-2-amino-2-deoxy-D-glucopyranose]) is a linear cationic biopoly-
mer with high molecular weight. The primary source of usable chitosan is the deacetylation
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of chitin obtained from the shells of crustaceans (crabs, lobsters, shrimp, and crayfish) [46],
which are an abundant natural resource. The natural material is commercially obtained
from the deacetylation of chitin by thermochemical treatment [35]. Natural chitosan is non-
toxic, non-allergenic, biodegradable, biocompatible, inexpensive, hydrophilic, biologically
active, and can form fibers and films [47–50].

Figure 1 summarizes the chemical process to obtain chitosan from chitin. Chitosan is
a semi-crystalline cationic polysaccharide that attracts positively charged molecules and
enhances bonding due to the presence of the –NH2 group. In addition, the –OH group is
also present in the structure and helps to increase the adsorption capacity [51].

 

Figure 1. Different stages of the chitosan manufacturing process.

Nano-sized particles have characteristics that cannot be achieved with solid, normal-
sized material. For example, the electronic and optical properties of metallic materials can
be modified by controlling their size below the Bohr radius (usually between 1–10 nm). The
interest in NPs is due to their ability to act as an effective bridge between solid materials
and atomic structures. Solid materials exhibit constant physical properties, regardless of
their size and mass. However, NPs have properties that depend on their size due to the
large proportion of atoms on their surfaces relative to their volume, resulting in a large
specific surface area. In view of this, the electronic, optical, and magnetic properties of
materials change as their size decreases towards the nanoscale. Therefore, controlling the
size of NPs is of particular interest because it can influence their properties. The exceptional
physicochemical properties of nanomaterials are due to three main reasons:

(i) The size of the nanomaterial is comparable to the Bohr radius of the excitons. This
dramatically alters the optical, luminescent, and redox properties of nanomaterials
compared to their bulk counterparts.

(ii) The surface area atom largely determined the thermodynamic properties of solids and
also determines the melting temperature and structural transitions of nanomaterials.

(iii) When the particle size is decreased, the net internal cohesive forces increase. Thus,
reducing the particle size increases the surface area to bulk volume ratio, i.e., particle
size is inversely proportional to the surface area to bulk volume ratio [52].

In general, nanotechnology is used to produce materials with specific properties and
a high degree of reproducibility. In this regard, researchers are currently focusing on the
synthesis of new nanostructured materials capable of cleaning the environment; they know
that nanomaterials are entirely or partially composed of nano-objects, which gives them
improved or specific properties in nanometric dimensions. In the family of nanomaterials,
there are three types, namely NPs, nano-fibers, and nano-films. NPs are elements with a
nanometric size between 1–100 nm [53] and are used daily in products such as cosmetics,
paints, electronics, and computers. NPs can be in the form of powders, suspensions,
solutions, or gels from which other physical forms, such as nano-beads are formed.
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In recent years, researchers have focused on the use of NPs, particularly magnetic NPs,
as effective adsorbents for the treatment of pollutants present in wastewater [54,55].

Magnetic NPs have been used as adsorbents for water treatment. These adsor-
bents have remarkable properties such as nanometric size, high specific surface area per
volume ratio, and resistance to internal diffusion leading to a high adsorption capac-
ity [56,57], biocompatibility, biodegradability and low toxicity [58], low cost of fabrication,
green sources, magnetic intensity, so, for these reasons that chitosan magnetic received
considerable attention.

In addition, iron oxide NPs have the advantage of being superpara-magnetic [59] and
the powder can be easily recovered using an external magnetic field. Magnetic separation
technology is easy to use and preferable to avoid slow separation techniques such as filtra-
tion, centrifugation, and precipitation. Some important characteristics of nano-adsorbents
compared to classical ones are summarized in Figure 2.

Figure 2. Advantages and disadvantages of NPs and use of chitosan NPs to overcome the disadvan-
tages of traditional NPs in wastewater treatment.

3. Standard Methods of Chitosan Nanoparticles Synthesis

3.1. Synthesis of Chitosan NPs

Research shows that chitin and chitosan can be easily transformed into gels, mem-
branes, nanofibers, beads, and micro-nanoparticles. Generally, there are four ways of
modifying chitosan to obtain NPs, which are summarized in Figure 3.

 

Figure 3. Methods to modify chitosan NPs.
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3.1.1. Covalent Cross-Linking Methodologies

Different cross-linking agents can be used for the fabrication of chitosan cross-linking
especially glutaraldehyde because it can be easily used in various physicochemical reactions
to prepare functional materials from amino polysaccharides, proteins, natural and synthetic
polymers due to the -NH2 and -OH groups. Ohya et al. (1994) obtained chitosan NPs with
a diameter between 250 and 300 nm by emulsifying the chitosan solution in toluene and
then using glutaraldehyde for covalent cross-linking [60]. Banerjee et al. (2002) obtained
chitosan NPs with a reverse micelle method using a surfactant (sodium bis (ethylhexyl)
sulfosuccinate) in hexane. The aqueous core of the micelles contained a chitosan solution,
which was cross-linked with glutaraldehyde [61]. The researchers confirmed that the
particle size depended on the rate of cross-linking with glutaraldehyde. The obtained NPs
between 30 to 100 nm when cross-linked with 10% and 100% of the amine, respectively [61].

3.1.2. Ionic Gelation by Electrostatic Interactions, Encapsulation, or Adsorption

The ionic gelation for chitosan nanoparticle synthesis with the cross-linking of
tripolyphosphate is another method that is widely method due to its simplicity and ease
of preparation [62,63]. Synthesis of chitosan NPs uses cross-linking agents with opposite
charges, causing an electrostatic attraction, encapsulation, or adsorption has also been
applied (Figure 4).

 

 

 

 

 

 

 

Figure 4. Schematic representation of different techniques for obtaining NPs based on chitosan and a
cross-linking agent carrying an opposite charge.

These researchers [62,63] confirmed the formation of NPs of different sizes by adding
a tripolyphosphate solution to an acidic chitosan solution. They know that other anionic
spaces can play the same role as tripolyphosphate.

In the work of Ali et al. (2018), chitosan NPs were prepared according to the method
of Qi and Xu, (2004) by dissolving 0.5 g of chitosan in 100 mL of acetic acid (1% (v/v))
and adjusting the pH of the solution to a 4.6–4.8 using 1N NaOH. Chitosan NPs formed
spontaneously after adding 3 mL of chitosan solution under vigorous magnetic stirring
to 1.0 mL of an aqueous solution of sodium tripolyphosphate (0.25% w/v), with a chi-
tosan/tripolyphosphate ratio of 3/1 at room temperature [64,65]. In this type of modifica-
tion, the formation of chitosan NPs is attributed to the aid of electrostatic attraction between
the positively charged amine group of chitosan and the anionic cross-linking agent such
as tripolyphosphate. The synthesis can be carried out by adding polyethylene glycol as a
cross-linking agent to the solution of chitosan in the acetic acid-containing stabilizer. The
size and surface charge of NPs depend on the ratio of chitosan to the stabilizer. Generally,
the size of the chitosan NPs obtained by this method ranges from 40–100 nm [64,66].
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3.1.3. Change in pH

The microemulsion method is one of the newer techniques for preparing inorganic
NPs. Microemulsions are isotropic, macroscopically homogeneous, and thermodynamically
stable solutions containing at least three components, a polar phase (usually water), a non-
polar phase (usually oil), and a surfactant [67].

Brunel et al. (2008) developed a technique to obtain chitosan nanogels without chem-
ical cross-linking. The principle is to apply an aqueous gelation process to a water/oil
reverse microemulsion. In this method of manufacturing chitosan nanogels, an acid so-
lution of chitosan is dispersed in an organic phase containing a surfactant and then the
nanodroplets are gelled by modifying the pH of the medium [68]. The chitosan nano-
hydrogels are then washed to remove the organic phase and redispersed in an acid buffer.
During emulsification, the product formation depends on the diffusion rate of the solvent
in the dispersed phase. The ratio of stabilizer and oil-polymer in an aqueous solution offers
greater solvent diffusion into the external phase [69].

3.1.4. Chemical Modification of Chitosan

Chemical modification of chitosan with hydrophobic groups is used to obtain an
amphiphilic polymer with self-assembly properties in solution. The grafting of these
groups occurs generally via the free amine functions of chitosan. Chitosan, which has
become amphiphilic, then organizes into sub-micronic core-shell structures in an aqueous
medium. The hydrophobic segments are located in the core of the particle, while the
hydrophilic segments form the crown. The size of the NPs depends on the grafted molecule
and the rate of substitution [70,71]. Furthermore, according to Morales et al. (2013) [72], the
size of NPs increases with increasing the amount of cross-linking agents. For example, in
the work of Galhoum et al. (2015), the size of the crystallites of magnetic particles varies
between 11 and 13 nm when cross-linked with glutaraldehyde [73]. When tripolyphosphate
is used as a crosslinking agent with a chitosan/TPP ratio of (3:1), we can obtain chitosan
NPs of small size [65].

3.2. Synthesis of Chitosan-Magnetic NPs

Several methods have been used to prepare high-quality magnetic NPs of different
sizes. Co-precipitation (Figure 5), thermal decomposition, hydrothermal and solvothermal
methods, microemulsion, and sol-gel methods are used for the preparation of magnetic
chitosan NPs. The most commonly used manufacturing methods are co-precipitation
and microemulsion. The ease of preparation of chitosan and the fact that NPs intermix
during co-precipitation is an important advantage in the use of magnetic composites.
The functional groups on the surface and iron oxide react easily with chitosan and its
derivatives [74]. Moreover, there is a link between co-precipitation and iron oxide-chitosan
blends, so we can obtain magnetic NPs when we use either method, but, in the case of
chitosan, we need to merge both two methods to obtain magnetic NPs from chitosan.

 

Figure 5. A well-known method of modifying chitosan to form magnetic NPs.

From several methods of manufacturing magnetic chitosan, we can conclude that
magnetic chitosan can be prepared in a one-step or two-step process. In the one-step
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process, ferric and ferrous salts (Fe3O4) or (γ-Fe2O3) are dissolved in a chitosan solution by
raising the pH of the solution (above 9). Then, magnetite formation and magnetite/chitosan
precipitation take place simultaneously in one pot [75,76]. In the two-step method, the
magnetic particles and the chitosan solution are prepared separately, then the magnetic
particles are dispersed in the chitosan solution, followed by a precipitation step and
crosslinking to finally form the magnetic chitosan.

3.2.1. Chemical Co-Precipitation

Chemical co-precipitation of Fe(II) and Fe(III) in alkaline solution (changing pH) is
widely used for the preparation of magnetite (Fe3O4) or (γ-Fe2O3) NPs due to its simplicity,
reproducibility, energy efficiency, and the possibility of large-scale preparation.

This technique has been used by several researchers such as Namdeo and Bajpai (2008)
and Gregorio-Jauregui et al. (2012) [35,77]. NPs were prepared with sizes ranging from 5 to
100 nm using co-precipitation. Chemical co-precipitation is based on the reaction of aqueous
solutions of Fe(II)/Fe(III) salts, usually in a 1/2 molar ratio with a base such as ammonia,
potassium hydroxide, or sodium hydroxide under an inert atmosphere at 40–50 ◦C. The
size and shape of the magnetite particles are generally controlled by the synthesis conditions
such as temperature, pH, ionic strength, Fe(II) and Fe(III) concentrations, and the nature
and concentration of the base.

3.2.2. Iron Oxide-Chitosan Blends

Most of the literature dealing with magnetic NPs for the decontamination of wastewa-
ter by removing heavy metals relates to magnetic NPs encapsulated in polymers, especially
chitosan. The chitosan biopolymer is grafted onto the surface of the magnetic cores, or the
magnetic powder is encapsulated in chitosan using different syntheses to prepare Fe3O4
NPs modified by chitosan (magnetic core and multi-core in chitosan-based adsorption
material [78]). Several methods, such as co-precipitation [79], cross-linking [80], and cova-
lent bonding using coupling agents can be used to prepare new materials. The resulting
magnetic composites are mostly micrometric in size, have low stability, and aggregate.

There are several ways to manufacture magnetic chitosan NPs; the preferred and sim-
plest method is proposed by Galhoum et al. (2015a) and Galhoum et al. (2015c). The method
consists of the synthesis of magnetic NPs with the deposition of a biopolymer on magnetic
cores. Magnetic NPs are synthesized by a hydrothermal process in a single vessel involving
co-precipitation under thermal conditions with Fe(III) and Fe(II) salts in the presence of
chitosan. The magnetic/chitosan composite material is cross-linked with epichlorohydrin
and modified by the grafting/functionalization of amino acids such as alanine, cysteine,
and serine [73,81–84]. The crystal size of magnetic NPs in the work of [85] has been found to
be close to 13.5 nm, while in [81], the nanometric size of diethylenetriamine-functionalized
chitosan magnetic nano-based particles is in the range of 30–50 nm.

According to Liu et al. (2015), magnetic chitosan nanoparticles (MCNPs) with a
diameter of about 10 nm, can be prepared by co-precipitation in the following steps.
Dissolve 0.5 g of chitosan in 200 mL of acetic acid (0.5% v/v) with continuous stirring.
Add 4.7 g FeCl3·H2O and 2.4 g FeSO4·7H2O, which was dissolved in 22 mL of distilled
water. Mix with the chitosan solution for 20 min at a stable stirring speed of 1000 rpm. Add
dropwise 40 mL of ammonia (NH4OH) to the reaction system and 6 mL during continuous
stirring at 1000 rpm for 3 h. Finally, the resulting magnetic chitosan NPs are separated by a
magnetic field [85].

A second preparation method is reported by Zhou et al. (2014) where chitosan and
magnetic NPs are bound to glutaraldehyde using cyclohexane, 10 mg/mL chitosan, 2%
acetic acid, and Fe3O4 in water. The materials are mixed in a beaker at 1800 rpm. After
that, 20 mL NaOH at a concentration of 50 mol/L is added quickly to the solution, and the
mixture is placed in a water bath at 60 ◦C for 2 h [86].

Chitosan magnetic NPs are collected with a magnet and rinsed with ethanol, then
washed with deionized water three times. Finally, the NPs are modified by adding different
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concentrations of glutaraldehyde with constant stirring at 150 rpm for 60 min at room
temperature to obtain chitosan magnetic NPs. A diagrammatic representation of the process
is shown in Figure 6, and the interaction between the chitosan chain and magnetic particles
Fe3O4 is shown in Figure 7. Ionic liquids also play an important role in the improvement of
chitosan derivatives [87–89].

Figure 6. Reaction method of magnetic chitosan NPs cross-linked by glutaraldehyde.

 

Figure 7. Interaction between the chitosan chain and the magnetic particles.

4. Characteristics of Chitosan NPs and Their Applications

According to Dasgupta et al. (2015), the physicochemical properties of NPs depend
on their surface characteristics. Unlike chemical compounds, where the characterization is
usually confined to chemical composition and purity, nanomaterials demand comprehen-
sive characterization. Therefore, an extensive and complete characterization, including size
distribution, shape, surface area, surface chemistry, crystallinity, porosity, agglomeration
state, surface charge, and solubility is recommended for nanomaterials [90]. There are
several methods of characterization to confirm the formation of NPs and to examine the
efficiency of the nanomaterials with the target pollutant. The following table (Table 1)
summarizes some types of analyzes (FTIR/SEM/TEM/XRD etc.) and their respective
functions for the analysis of chitosan NPs.
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Table 1. Methods commonly used to characterize chitosan NPs.

Transmission Electron Microscopy (TEM)
Fourier-Transform Infrared

Spectroscopy (FTIR)
X-ray Diffraction (XRD)

used to examine the size, shape, and
morphology of the NPs

used to detect or identify the functions of
chitosan NPs, and to confirm the
presence of iron in the structure

used to examine the crystallinity of
chitosan and chitosan NPs

Atomic force microscopy (AFM) Dynamic light scattering device (DLS)
Scanning electron microscopy and

transmission electron microscopySEM
and SEM-EDX

used to visualize the rough nature of
chitosan NPs, which facilitate the

adsorption of heavy metals

used to determine the size of NPs. To
confirm the synthesis of magnetic NPs, it

is necessary to use a vibrating sample
magnetometer, which characterizes the

magnetic properties of chitosan.

analyses the shape and type of surface
used to determine the morphology of

chitosan NPs

4.1. Application of Chitosan NPs in Wastewater Treatment

Different protocols can be involved during the manufacture of chitosan magnetic NPs
to produce, for example, chitosan-magnetite nanocomposites. These are synthesized by
chemical co-precipitation of Fe(II) and Fe(III) ions by NaOH in the presence of chitosan
and have been evaluated for the adsorption of several pollutants. Chitosan magnetic NP-
based adsorbents adsorb differently and the best performance is achieved during grafting
functional groups such as amino, sulfur, carboxyl, and alkyl groups onto the backbone
of chitosan. Therefore, there are several modifications that increase the percentage of
active sites (–NH2, –COOH, –SH, and –OH) responsible for the fixation of heavy metals,
which consequently increase adsorption/sorption efficiency, different types of interaction
between chitosan NPs and pollutants such as ion exchange, electrostatic attraction, and
others according to the results of isotherms and kinetics, all this information gives us a
clear idea about the mechanisms.

New chitosan magnetic NPs combine the metal/dye-binding potential of chitosan
with an enormous surface area, dispersed character, and easy regeneration when a magnetic
field of suitable strength is applied. Chitosan NPs exhibit good adsorption for dyes and
heavy metal ions. It adsorbs radioactive heavy metals and rare earth metals effectively,
with additional modifications improving adsorption capacity and efficiency.

4.1.1. Heavy Metal Removal

The term heavy metal defines any metallic element with an atomic weight between
63.5 and 200.6 and a density greater than 5.0 [91]. Current research suggests that chitosan
NPs with large specific surface areas and the inclusion of –NH2 and –OH groups, could
effectively remove metal ions [17]. In addition, in the adsorption process, the magnetic
separation advancements are effective, fast, and cost-effective compared to other separation
methods since magnetic chitosan can be easily removed using an external magnetic field
from the media [92].

Magnetic chitosan NP materials prepared to remove Hg(II), Cu(II), and Ni(II), were
also examined for removal of Cu(II), Pb(II), and Cd(II) [93] and Ni(II) and Co(II) [94]. Table 2
summarizes research on NPs and chitosan magnetic NPs in the treatment of heavy metal
ions. For instance, the preparation of chitosan NPs by ionic gelation was reported by [95,96].
Ali et al. (2018) utilized chitosan NPs for Fe(II) and Mn(II) removal with an adsorption
capacity of 116.2 mg/g and 74.1 mg/g, respectively, with a dosage of 0.5–15 g/L [65].
Basaad et al. (2016) reported the adsorption of Fe(II) and Mn(II) with an effectiveness of
99.94% and 80.85%, respectively [97].

The preparation of magnetic modified chitosan using co-precipitation and cross-
linking by glutaraldehyde is reported in the work of [98] that was used for the removal
of Zn(II) [85], while magnetic chitosan NPs were used for the removal of As(V) and
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As(III) [98]. The initial Zn(II) concentration was taken as 1300 mg/L, and a magnetically
modified chitosan dose of 300 g/L was applied, which removed 99% of the metal ions
with the adsorption capacity of 32.16 mg/g, under these experimental conditions we have
a high efficiency and a low adsorption capacity. The adsorption mechanism followed
Langmuir-Freundlich isotherm means that we have a multilayer adsorption and not a
specific adsorption [98]. Magnetic chitosan nanoparticles (MCNPs) have shown good
results with a removal capacity of 95% (≈144.75 mg/g) for both As(V) and As(III) at a dose
of 1.0 g/L and a concentration of 2 at nearly 11 mg/L within just 15 min and followed
by Sips (Langmuir-Freundlich) isotherm [85]. In the work of Liu et al., the dominant
mechanism, in this case, is the electrostatic attraction between the positive surface charges
of the protonated chitosan amine functions and the negative charges of the arsenate ions.
knowing that according to the authors, the MCNP is rich in –N of about 1.93 mmol/g
(N/C ratio = 0.252) and the amine groups participate in the hydrogen bonding of the
chitosan, and are known by their strong affinity against heavy metals.
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Magnetic chitosan NPs Seyedi et al., (2013) and chitosan magnetic beads [100], used
for Cd(II) removal, followed the Langmuir adsorption isotherm. Magnetic chitosan NPs,
chitosan NPs, and Chi-MG/Fe3O4 have the adsorption capacity for cadmium removal
of 580 mg/g, 358 mg/g, and 163.9 mg/g, respectively [93,99,100]. Sivakami et al. (2013)
and Tang et al. (2007) reported the removal of hazardous Cr(VI). The initial concentration
of Cr(VI) was 200 mg/L with an adsorbent dose of 10 g/L, kept for 60 min. With the
optimum time of one hour, chitosan NPs prepared by ionic gelation removed 61–75% of
the metal ions from an aqueous solution with an adsorption capacity of 1395.32 mg/g,
which was considered to be very good [95,96]. Qi & Xu, (2004) prepared chitosan NPs by
ionotropic gelation of chitosan and tripolyphosphatecross–linking to use for the removal
of Pb(II) and it is used in the work of Sivakami et al. (2013) to eliminate the Cr(VI)
to Cr(III) ions, the adsorption capacity was 398 mg/g and 323.6 mg/g for Pb(II) and
Cr(V), respectively [64,96]. According to the authors [96], the high efficiency of materials
against Cr(VI) is due to the electrostatic attraction between two oppositely charged ions,
since the chromium(VI) ions in the solutions are present in the form of dichromate ions
which are negatively charged and chitosan NPs having an overall positive surface charge.
Zhou et al. (2009) reported Hg(II) removal with an adsorption capacity of 625.2 mg/g
using chitosan composites designated as thiourea-modified magnetic chitosan microsphere
composites (TMCS) [101], that is characterized by its high percentage of nitrogen (-N) and
sulfur (-S). These composites showed and adsorption capacity of 66.7 mg/g and 15.3 mg/g
for Cu(II) and Ni(II) respectively. The amine and sulfur groups present on the surface of
TMCS are responsible for metal ion binding through chelation mechanisms. Amine and
sulfur sites are the main reactive groups for metal ions though hydroxyl groups in the C-3
position [105,106]. Ample research has also been reported for the removal of heavy metals
such as As(V) [103], Cu(II) [94,98], and Co(II) [95] as summarized in Table 2.

144



Nanomaterials 2023, 13, 447

T
a

b
le

3
.

C
hi

to
sa

n-
ba

se
d

na
no

m
at

er
ia

ls
fo

r
dy

e
re

m
ov

al
.

B
io

so
rb

e
n

t
M

o
d

ifi
ca

ti
o

n
M

e
th

o
d

C
h

a
ra

ct
e
ri

z
a
ti

o
n

M
e
th

o
d

D
y

e
s

A
d

so
rp

ti
o

n
E

ffi
ci

e
n

cy
o

r
C

a
p

a
ci

ty

A
d

so
rp

ti
o

n
Is

o
th

e
rm

P
a
ra

m
e
te

rs

R
e
fe

re
n

ce
s

p
H

S
ti

rr
in

g
T

im
e

a
n

d
S

p
e
e
d

T
e
m

p
e
ra

tu
re

S
D

C
In

it
ia

l
(m

g
/L

)

C
hi

to
sa

n
N

Ps
Io

ni
c

ge
la

ti
on

TE
M

R
ou

ge
ac

id
e7

3
-O

ra
ng

e
ac

id
e1

2
-R

ou
ge

ac
id

e1
8

-N
oi

r
ac

id
e2

6
-D

ir
ec

tb
le

u7
8

2.
1

m
m

ol
/L

1.
8

m
m

ol
/L

1.
4

m
m

ol
/L

34
.5

m
g/

g
52

.6
m

g/
g

La
ng

m
ui

r
4

/
/

/
/

[9
9]

G
lu

ta
ra

ld
eh

yd
e

cr
os

s-
lin

ke
d

m
ag

ne
ti

c
ch

it
os

an
N

Ps

G
lu

ta
ra

ld
eh

yd
e-

bo
nd

ed
tr

ip
ol

yp
ho

s-
ph

at
e

FT
-I

R
TE

M
FD

&
C

bl
ue

1
D

&
C

ja
un

e5
47

5.
6

m
g/

g
29

2.
1

m
g/

g
La

ng
m

ui
r

3.
0

60
m

in
15

0
tr

/m
in

25
◦ C

50
m

g/
50

m
L

50
–

15
00

[8
6]

M
ag

ne
ti

c
β

-c
yc

lo
de

xt
ri

n–
ch

it
os

an
/g

ra
ph

en
e

ox
id

e
as

na
no

ad
so

rb
en

t

C
o-

pr
ec

ip
it

at
io

n
m

et
ho

d
an

d
ch

em
ic

al
cr

os
s-

lin
ki

ng

FT
IR

SE
M

TE
M

X
R

D

M
et

hy
le

ne
Bl

eu
84

.3
m

g/
g

La
ng

m
ui

r
Fr

eu
nd

lic
h

11
.0

18
0

rp
m

25
◦ C

0.
01

g
an

d
10

0
m

L
/

[1
07

]

M
C

N
C

s
G

lu
ta

ra
ld

eh
yd

e
cr

os
s-

lin
ki

ng
/

C
ry

st
al

vi
ol

et
A

ci
d

R
ed

33
3.

3
m

g/
g

(7
2%

)

La
ng

m
ui

r
Fr

eu
nd

lic
h

Te
m

ki
n

7.
0

14
0

m
in

25
◦ C

1.
0

g
77

[1
08

]

M
C

N
C

s
R

ed
uc

ti
on

pr
ec

ip
it

at
io

n
m

et
ho

d
X

R
D

A
ci

d
R

ed
90

.1
m

g/
g

R
ed

lic
h–

Pe
te

rs
on

La
ng

m
ui

r
Fr

eu
nd

lic
h

3.
0

/
/

1.
0

g/
L

/
[1

09
]

C
hi

to
sa

n-
co

at
ed

m
ag

ne
ti

c
m

es
op

or
ou

s
si

lic
a

N
Ps

C
he

m
ic

al
co

-p
re

ci
pi

ta
ti

on
an

d
ch

em
ic

al
m

od
ifi

ca
ti

on

FT
IR

X
R

D
TE

M
TG

A

M
et

hy
le

ne
Bl

ue
43

m
g/

g
La

ng
m

ui
r

Fr
eu

nd
lic

h
7.

0
90

m
in

25
◦ C

0.
02

g
20

[1
10

]

M
ag

ne
ti

c
ch

it
os

an
N

Ps
C

he
m

ic
al

co
-p

re
ci

pi
ta

ti
on

SE
M

,T
EM

FT
IR

,X
R

D
V

SM

R
R

-1
41

R
Y-

14

99
.5

%
(9

8.
8

m
g/

g)
92

.7
%

(8
9.

7
m

g/
g)

Fr
eu

nd
lic

h
4.

0–
10

.0
0

30
m

in
12

0
rp

m
25

◦ C
/

/
[1

11
]

145



Nanomaterials 2023, 13, 447

4.1.2. Dye Removal

Dyes are chemical compounds that impart color when attached to the surface of
fabrics, papers, and cosmetics. Dyes are used in the manufacture of ink, paint, and labora-
tories. The annual production of commercial dyes used in industry is estimated to be over
7 × 105 tonnes per year. An average of 1 × 102 tonnes per year is discharged into water
bodies as waste. Such an amount of dye effluent in water can cause serious harm to all
living things [45]. Prolonged exposure to toxic dyes leads to skin irritation, respiratory
disorders, and even cancer [9]. For these reasons, researchers are interested in eliminating
toxic molecules using materials such as NPs and magnetic NPs of chitosan, as shown
by [99,112]. Table 3 shows some examples of chitosan NPs and experimental conditions
for the elimination of toxic dyes. The main dyes used in laboratories, and textile and color
industries are methylene blue, crystal violet, and acid red. Chitosan composites can suc-
cessfully remove these dyes from wastewater along with other dyes such as rougeacide73,
orange acide12, rouge acide18, noir acide26, and direct blue 78 [99].

Zhou et al. (2014) successfully prepared glutaraldehyde cross-linked magnetic chi-
tosan NPs to remove FD&C blue1, and D&C jaune5 dyes with the adsorption capacity of
475.61 mg/g and 292.07 mg/g, respectively, within 1.0 h at a dosage of 1.0 g/L. The adsorp-
tion processes were spontaneous and exothermic, thus following the Langmuir isotherm,
which suggested monolayer adsorption on the surface and confirmed low cytotoxicity [86].

Methylene blue was successfully adsorbed from an aqueous solution by various
type of magnetic sorbents [107], including, magnetic β-cyclodextrin–chitosan/graphene
oxide (as nano adsorbent). The study concluded that, with the least dose of 0.1 g/L, the
composite of cyclodextrin-chitosan-graphene obtained an adsorption capacity of 84.3 mg/g,
which is higher than that of chitosan-coated magnetic mesoporous silica NPs (43.03 mg/g)
(Li et al. 2015) [85]. Magnetic chitosan nanocomposite and glutaraldehyde cross-linked
magnetic chitosan nanocomposites were prepared for the removal of crystal violet and acid
red, respectively [108,109]. Adsorption of crystal violet was possible with an adsorption
efficiency of 72% and adsorption capacity of 333.3 mg/g at SD of 1g/L, C0 = 77 mg/L, and
contact time of 140 min, while the adsorption capacity for acid red was 90.06 mg/g. The
interaction between chitosan and CV is due to the binding between the –NH2 and –OH
groups of chitosan and amino cationic groups of dye CV. Furthermore, according to the
results of kinetics data obtained by researchers [108] the adsorption of CV on MC followed
the intra-particle diffusion model, which implies CV adsorption on MCNC was a chemical
process and electrostatic interaction, at the same time (a mixed mechanism).

4.1.3. Uranium and Light/Heavy Rare Earth Metal Removal

Uranium belongs to the family of actinoid or actinide elements, which contains
15 consecutive chemical elements in the periodic table. These elements, especially ura-
nium, are important due to the common property of radioactivity. The importance of
uranium is its use in atomic weapons for their explosive power and in nuclear plants for
the production of electrical power. Studies on the adsorption of traces of uranium U(VI)
by using different nanomaterials such as magnetic chitosan NPs have increased research
interest. Chitosan magnetic NPs are not only limited to heavy metal or dye removal but
also extended to the removal of rare earth metals, Some studies are summarized in Table 4.
In the study of Galhoum et al. (2015), materials based on magnetic chitosan NPs were pre-
pared to extract La(III), Nd(III), and Yb(III) ions [84]. The authors reported La(III), Nd(III),
and Yb(III) removal with adsorption capacities of 16.2 mg/g, 14.6 mg/g, and 12.9 mg/g,
respectively, using cysteine-functionalized chitosan magnetic NPs.

There are limited studies on the removal of rare earth elements using chitosan com-
posites. For instance, alanine-functionalized chitosan magnetic nano-based particles and
serine-functionalized chitosan magnetic NPs were used by Galhoum et al. (2015d) for the
scavenging of U(VI). The authors reported the successful removal of U(VI) with adsorption
capacities of 85.3 mg/g and 116.5 mg/g of the prepared composites [73], respectively.
Later, Galhoum et al. (2017) reported various NPs such as alanine-chitosan magnetic
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NPs, cysteine-chitosan magnetic NPs, serine-chitosan magnetic NPs, and ethylenediamine-
tetraacetic acid- chitosan magnetic NPs for U(VI) removal [82]. It was observed that
ethylenediamine-tetraacetic acid-chitosan magnetic NPs had the best results with an ad-
sorption capacity of 185.0 mg of U(VI)/g, which was the same as diethylenetriamine-
chitosan magnetic nano-based particles [113], Alanine-chitosan magnetic NPs had the least
adsorption capacity (88.5 mg/g). The adsorption process onto composites followed the
Langmuir isotherm model. Tetra-ethylenepentamine-modified chitosan magnetic resins
obtained an adsorption capacity of 397 mg/g with an adsorbent dose of 0.1 g, an initial
concentration of uranium of 6 mmol/L and an optimum time of 30 min [114].
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4.2. Parameters Affecting the Chitosan Biosorbent Performance

There are various factors that affect the adsorption process, such as pH, temperature,
contact time, initial concentration of pollutant, and the amount of adsorbent. These factors
must be optimized to obtain maximum adsorption capacity.

The pH of a solution strongly affects the adsorption capacity of chitosan nanoparti-
cles, such as increasing pH will increase adsorption. Magnetic chitosan nano-composites
contain functional groups, such as –NH2, –NH, –COOH, –OH, and C=S. At higher H+

concentrations or lower pH, metal cations have to compete with H+ to be adsorbed onto
the surface of magnetic chitosan nano-composites. However, beyond a certain pH range, a
further increase leads to precipitation [45]. The pH also affects the surface of the adsorbent
by charging the molecule itself or attached functional groups, which further enhances the
attraction between the adsorbate and the adsorbent. Contact time is an important parameter
in determining the maximum adsorption capacity at a fixed pollutant concentration; it is
the minimum time required for a particular concentration of dye or metal to interact with
the adsorbent [45]. After reaching Teq, the adsorption becomes constant or slow, which
shows that all the adsorbent sites are occupied and that no vacant site is there to adsorb
more pollutants. Among the advantages of using NPs in adsorption are the reduction in
equilibrium time and the rapid adsorption rate. Generally, the equilibrium time of heavy
metal adsorption onto magnetic chitosan nano-composites is lower than 1 h, except for
certain types of metal and most dyes.

It is necessary to measure the adsorption capacity by varying the mass of the adsorbent.
The percentage of removal of heavy metals and dyes increases with increasing doses of
adsorbent. These increases are attributed to the increase in the number of active sites and
the surface area of chitosan NPs. Sometimes, equilibrium is achieved if a certain adsorbent
mass is exceeded. In other cases, a decrease in the adsorption capacity at an extra amount
of adsorbent is observed. Researchers explain this phenomenon by aggregation of particles,
which may also have a negative impact on the process because of the decrease in the surface
area of the adsorbent. In practical applications, a minimum amount of adsorbent that is
capable of satisfying the needs should be employed [116,117].

Similar to contact time and dosage, the initial pollutant concentration directly relates
to the active sites during adsorption and helps determine the adsorption capacity of the
adsorbent. Pollutant removal efficiency decreases with an increasing initial concentration of
these pollutants because active sites become occupied and saturated over time. According
to the results obtained by researchers, when the initial concentration of adsorbate increases,
the adsorption first increases, and then at some point, it becomes constant, which shows
that almost all the sites on the surface of the adsorbent are filled, and no vacant sites are
available for adsorption [118–120].

Temperature is an important factor that affects the efficiency of adsorption. Studying
the effect of temperature helps decide whether the process is exothermic or endothermic.
When adsorption increases with increasing temperature, the process is an endothermic
process. The increase in temperature increases the mobility of the pollutant, so the adsorp-
tion becomes faster due to the easy access of the adsorbate to the adsorbent. For example,
Seyed Massoud Seyedi (2013) showed that the elimination of Cd(II) took place at 28 ◦C for
chitosan and nanochitosan [103]. Furthermore, according to Table 4, researchers prefer to
use chitosan NPs at an ambient temperature of 25 ◦C.

5. Predominant Mechanisms When Using Chitosan NPs

The adsorption mechanisms depend on the pH of the solution, pHpzc, chemical
composition of chitosan and composite structure, chemical nature of the metal ions, nature
of their charges (cations or anions) as well as the number of atoms that compose them
(monoatomic or polyatomic) [121].

Knowing that the pH affects the surface of the adsorbent by charging the molecule itself
or the functional groups attached, further enhances the attraction between the adsorbate
and the adsorbent [45]. The adsorption of methyl orange (MO) on magnetic chitosan beads
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(MagCH) was tested in the work of L. Obeid et al., (2013) they noticed that the adsorption
is strongly linked by the pH value of the medium The results indicated a better efficiency
of 99% (≈779 mg/g) in the pH range of 3 to 5 due to electrostatic attraction between the
negative functional groups of the dye and the positively charged magnetic beads [122].

In the work of Massoudinejad et al. (2019) [108], the pHpzc of the Fe3O4 NPs was
about 7.1, confirming the coating of chitosan, and it is evident that the MC nanocomposites
were positively charged at pH < 6.5, which is consistent with the work of Chang and
Chen (2005) who found the value of 6.7 [123]. While in the work of Zhou et al. (2009), the
isoelectric point (IEP) of the TMCS was 5.92. This revealed that the TMCS microspheres
were positively charged at pH < 5.92 and negatively charged at pH > 5.92. So, TMCS is
positively charged with a pI of 5.92. Therefore, in acidic solutions, it is protonated and
possesses electrostatic properties. Thus, it is also possible to adsorb metal ions through
anion exchange mechanisms.

All types of nano-adsorbents have functional groups (active sites), such as carboxyl,
hydroxyl, and amine groups, which bind to heavy metals either by ion exchange (where
–COOH groups are involved) or by a complexation mechanism (where –COOH groups,
–OH, –SH, and –NH2 may be involved). Metal ions generally bind to the magnetic chitosan
nano-composites via the available functional groups, and the mechanism is proposed
according to the active sites available on the surface of these materials. Each site gives
several possibilities of interaction; therefore, the mechanism can be considered by the
researcher, taking into consideration the nature of the site and the pollutant.

The binding mechanisms are influenced by both the type of ion/dyes and the func-
tional groups of the active sites. The amine groups (–NH2) were the most reactive and
mainly responsible for fixing metals rather than the hydroxyl groups carried by the C-3
carbon [123]. The strong attraction of the free electron pair to the nitrogen atom was
greater than that of the oxygen atom, and it contributed to the formation of a metal
complex by sharing its free electron pair with a metal ion [124]. In particular, the exis-
tence of the functional groups containing oxygen, such as carboxylic, phenolic, or lactone
functions, results in an acidic character, while the presence of pyrones, chromene-type
functions induces a basic character [125]. Depending on their nature and concentration,
these surface functional groups can influence an adsorbent’s adsorption capacity and the
hydrophilic/hydrophobic character.

The three main mechanisms for fixing pollutants on chitosan mentioned in the litera-
ture are (i) complexation and/or chelation, (ii) ion-exchange/electrostatic interaction with
anions, and (iii) formation of ternary complexes. Adsorption mechanisms are much more
complex with magnetic NPs than with normal chitosan.

There are several models for modeling and analyzing the experimental data, such as
the Freundlich, Langmuir, Sips, and Dubinin-Radushkevich isotherm models. According
to the best-adapted model of isotherms and kinetics, we can understand the sorption
mechanisms and can give an idea that is not confirmed on the nature/type of adsorption,
so the successful fitting of the kinetic or isotherm model alone does not validate any
evidence about chemisorption or physisorption.

For example, the Dubinin-Radushkevich model discriminates between physical and
chemical mechanisms [83]. The application of the Sips or/and Langmuir model is linked
directly to the nature of the surface, the homogeneity or heterogeneity of the surface (iden-
tical/or different active site), monolayer (in the case of chemical and specific adsorption,
which must be carried out in a specific active site) or multilayer (in the case of physical ad-
sorption) or also mixed sorption according to the results obtained. Despite the complexity
of this mechanism, we can say that chemisorption occurs via the hydroxyl and/or amine
groups of chitosan or additional functional groups present (thiol, amino, carboxyl, etc.).

6. Conclusions and Future Perspectives

A wide range of treatment technologies is developing daily for water purification to
meet the current demands. Advances in nanoscale science and engineering offer new op-
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portunities to develop more cost-effective and environmentally acceptable water treatment
technology. Nano means reducing the size of any material to the nanoscale, and in doing
so, the properties of that material change dramatically. Recent research has indicated that
chitosan nanomaterials, due to their unique physicochemical properties, structure, and
surface characteristics, are useful tools for the removal of organic and inorganic pollutants.
These materials can remove metal ions at low concentrations, with high selectivity and
adsorption capacity. Nowadays, nanotechnology has become an advanced technology that
gives scientists a tool to prepare effective adsorbents to remove contaminants from water.
Nanoscale adsorbents have high performance due to their large specific surface area and
quantum size effect, which could cause them to exhibit higher capacities for pollutants,
particularly metal ions. We conclude that there are different methods for the development
of chitosan NPs. Among these methods, covalent cross-linking, electrostatic interactions,
and microemulsion methods are widely accepted. At the same time, there are different
methods of analysis to confirm the success of the chemical modification, such as FT-IR,
XRD, SEM, TEM, AFM, DLS, and VSM.

In addition, the use of NPs and magnetic NPs of chitosan offers several advantages in
the field of adsorption compared to the initial powder, because chitosan is already known
for its great affinity with respect to most pollutants and this form gives more advantages
and reinforces its stability and efficiency when used in the field of wastewater treatment
(rapid separation, rapid kinetics, stability, easy and total desorption, large specific surface).

Further improvements should be made in the direction of developing materials with
greater stability and the ability to simultaneously remove multiple contaminants under
complex conditions. In addition, there is a need to synthesize inexpensive, efficient, and
recyclable adsorbents for their practical applications. These techniques constitute repro-
ducible processes with excellent size control, but the use of a chemical cross-linker, such as
glutaraldehyde, and some organic solvents, can be detrimental to the final biocompatibil-
ity of the NPs. This review is a compilation of recent chitosan-nanomaterial composites
reported recently for the removal of heavy metals, dyes, rare earth metals, or radioac-
tive materials. Comparison of different composites, their preparation method, and their
working conditions are summarized in this paper, which allows the reader to apply the
modifications to previously available methods. Chitosan is a wonder material, which can
be utilized in different forms. One can take the opportunity to read this review and further
research the unlocked potential of this marine waste-extracted chitosan. In the present era
of fast development, where environmental pollution is a huge global problem, chitosan
gives us the opportunity to prepare a plethora of composites for different applications.
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Abstract: Manganese dioxide (MnO2) nanomaterials have shown excellent performance in catalytic
degradation and other fields because of their low density and great specific surface area, as well as
their tunable chemical characteristics. However, the methods used to synthesize MnO2 nanomaterials
greatly affect their structures and properties. Therefore, the present work systematically illustrates
common synthetic routes and their advantages and disadvantages, as well as examining research
progress relating to electrochemical applications. In contrast to previous reviews, this review summa-
rizes approaches for preparing MnO2 nanoparticles and describes their respective merits, demerits,
and limitations. The aim is to help readers better select appropriate preparation methods for MnO2

nanomaterials and translate research results into practical applications. Finally, we also point out that
despite the significant progress that has been made in the development of MnO2 nanomaterials for
electrochemical applications, the related research remains in the early stages, and the focus of future
research should be placed on the development of green synthesis methods, as well as the composition
and modification of MnO2 nanoparticles with other materials.

Keywords: nano-MnO2; preparation method; structure; electrochemical applications

1. Introduction

MnO2 nanomaterials stand out among other nanomaterials owing to their good envi-
ronmental compatibility, low cost, and strong oxidative and adsorptive properties. Owing
to their good biocompatibility, optical physical properties, and chemical properties [1,2],
these nanomaterials are used as catalysts [3] and in electrochemistry [4], biomedicine [5],
and materials sciences [6], among other fields. MnO2 nanomaterials have different spa-
tial structures and therefore have different crystalline forms, mainly α-MnO2, β-MnO2,
γ-MnO2, δ-MnO2, and λ-MnO2. The surface physicochemical characteristics of MnO2
vary considerably based on the crystal structure. Based on their spatial structure, MnO2
nanomaterials can be categorized into having a one-dimensional (1D) tunnel structure, a
two-dimensional (2D) layered structure, or a three-dimensional (3D) network structure [7].

The synthesis method of MnO2 nanomaterials crucially impacts their electrochemical
performance. It has been shown that chemical synthesis methods yield MnO2 nanomaterials
with poor electrochemical performance, such as low capacity attenuation and low cycling
efficiency, due to side reactions and defects in synthesis. Contrarily, hydrothermal methods
can yield MnO2 nanomaterials with crystal structures that are favorable for charge transfer
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and ion diffusion. Therefore, they usually exhibit enhanced electrochemical performance.
The electrochemical deposition method enables MnO2 to be directly deposited on the
electrode; therefore, it has high controllability and a long cycle life, as well as conferring
enhanced electrochemical performance. By studying the synthesis of MnO2 nanomaterials,
their applications in electrochemistry have been substantially improved. However, there
is an enormous gap between theory and practice. Therefore, this review summarizes the
research progress on MnO2 nanomaterials in recent years, with the aim of helping readers
to better select preparation methods for MnO2 nanomaterials and translate research results
into practical applications, as shown in Figure 1. Compared with previous reviews [8,9], this
review contains the latest research results in this field in recent years, and these advances
have not only improved the performance and stability of MnO2 nanomaterials but can also
be applied across several fields. Recent research has placed much focus on preparing MnO2
nanomaterials using the green synthesis method, a synthetic method that has been studied
more and more in recent years, and which indicates that greening preparation methods
will be an important direction for the future.

Figure 1. Preparation methods and applications of MnO2 nanoparticles and polymorphic structures.

2. Structure of MnO2 Nanoparticles

The polymorphic phases of MnO2 usually comprise crystalline and amorphous
phases. The crystalline phase comprises octahedral units; they can form either layered
or chain/tunnel structures when different joining methods are used [10–12]. The inter-
connection of MnO6 octahedra forms c-axis paralleling chains within the crystal structure,
along with tunnels between these chains. The different polymorphs can be associated with
Mn4+ arrangement, as each polymorph contains a hexagonal close-packed lattice structure
composed of O2− and Mn4+ [13].

The structures of different manganese dioxide materials are shown in Table 1. α-MnO2,
β-MnO2, and γ-MnO2 have 1D (1 × 1)/(2 × 2), (1 × 1)/(1 × 1), and (1 × 1)/(1 × 2)
tunneling structures, respectively. However, β-MnO2 has a smaller tunneling structure,
which is unfavorable for rapid ion transport, while α-MnO2 has a larger tunneling structure,
which is favorable for ion embedding and detachment. ε-MnO2 has an alike structure to
γ-MnO2; however, the manganese lattice sites are arranged in a disorderly manner, with
irregular tunneling. δ-MnO2 has a 2D laminar structure formed on the MnO6 octahedra side;
this structure facilitates rapid ion transport with low preparation cost and high specific surface
area. And λ-MnO2 has the representative spinel structure with the 3D (1 × 1) tunnel structure;
this structure excels in electrochemical performance. The varying atomic configurations within
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these different crystalline phases result in a diverse array of pores, which have implications
on the electrolyte ion migration or electron transfer processes within the charge storage
mechanisms.

Table 1. Structures of MnO2 materials.

Crystalline Morphology Structure Type Tunnels (n × m) Dimension Reference

α-MnO2 Hollandite (2 × 2) 1D [14]
β-MnO2 Pyrolusite (1 × 1) 1D [15]
γ-MnO2 Nsutite (1 × 1)/(1 × 2) 1D [16]
δ-MnO2 Birnessite (1 × ∞) 2D [17]
λ-MnO2 Spinel (1 × 1) 3D [18]
ε-MnO2 - (1 × 1)/(1 × 2) 3D [19]

3. Synthesis of MnO2 Nanomaterials

MnO2 nanomaterials have been extensively studied as environmentally friendly catalysts.
Their preparation methods include the hydrothermal method [20], sol–gel [21], template [22],
electrochemical method [23], and coprecipitation [24] methods. Each of these methods has
different degrees of effects on the particle size distribution, grain size, and crystal transforma-
tion of MnO2 nanomaterials. Moreover, the properties, structure, and morphology of MnO2
nanomaterials are considerably influenced by the synthesis conditions. To synthesize MnO2
nanomaterials with specific structures, morphologies, and sizes for practical production or
experiments, studying the synthesis methods and conditions is vital. Nine commonly used
methods for synthesizing manganese dioxide are described below, all of which have unique
advantages, potential drawbacks, and a wide range of applications.

3.1. Hydrothermal Method

The hydrothermal method involves synthesizing materials via chemical reactions
in water under high temperature and pressure using the water solubility of inorganic
compounds. MnO2 nanomaterials with different morphologies can be obtained by changing
temperature and pressure [25].

Chen et al. [26] prepared β-MnO2, γ-MnO2, and δ-MnO2 using the hydrothermal
approach and α-MnO2 via solid-phase synthesis, and investigated their catalytic properties
for the oxidation of benzene and formaldehyde. The results showed that α-MnO2 and
γ-MnO2 outperformed δ-MnO2 and β-MnO2 in benzene oxidation, while δ-MnO2 was
more active in formaldehyde oxidation. Oxygen was found to exert the catalytic effect on
oxidizing formaldehyde and benzene, as elucidated through the quantitative correlation
between specific oxygen content and reaction rate. Yang et al. [27] prepared α-MnO2 solid
and hollow sea urchins via hydrothermal synthesis. The 3D α-MnO2 hollow sea urchin
was analyzed for the post-plasma toluene catalytic decomposition. The carbon dioxide
selectivity, toluene decomposition, and carbon balance of α-MnO2 hollow sea urchin were
~59%, ~100%, and ~81%, respectively, which were 96%, 43%, and 44% higher than the non-
thermal plasma process. These values were also higher than those for the α-MnO2 solid sea
urchin. Aljafari et al. [28] used α-MnO2 and Cu-MnO2 nanoparticles as candidate materials
for counter electrode materials (CEs) and synthesized them with the simple hydrothermal
approach under 140 ◦C and 14 h. Among those prepared Dye-Sensitized Solar Cell (DSSCs),
the 10 wt% Cu-doped MnO2 cathode showed the highest energy conversion efficiency of
1.7%, whereas the Power Conversion Efficiency (PCE) of pristine MnO2 was only 1.21%.
The results indicated that Cu-MnO2 nanoparticles exhibited superior electrocatalytic ability
for DSSCs than α-MnO2. Table 2 summarizes the environmental applications of MnO2
prepared by the hydrothermal method. Clearly, MnO2 has good applications in heavy metal
adsorption, organic pollutant adsorption, and catalysts. Especially, Figure 2 illustrates the
preparation process of porous ε-MnO2 with the assistance of the solvent, MnO2 showed
high porosity and the best performance of the catalyst preparation at the 6-2-6 (ε-MnO2 of
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Mn-6-2-6) manganese glucose-urea ratio. Therefore, it is necessary to pay attention to the
molar ratio of solvent in the hydrothermal synthesis of MnO2.

Table 2. Hydrothermal preparation of MnO2 and applications.

Structure of
MnO2

Targets Synthesis Conditions Results Applications Reference

δ-MnO2 Pb (II) and U (VI) -

The adsorption
capacities were 41.32
and 492.61 mg g−1,

respectively

Adsorbent [29]

Pristine ε-MnO2
and ε-MnO2 of

Mn-6-2-6
Toluene

Manganese (II) nitrate
hexahydrate, urea,

glucose 180 ◦C

The conversion 41%
and 85%, respectively Catalysts [30]

MnO2 Tl (I) KMnO4, MnSO4·H2O,
240 ◦C

Adsorption capacity
was 450 mg g−1

For removing
thallium (Tl) from

wastewater
[31]

MnO2
nanoparticles

MB (Methylene
Blue)

KMnO4, CH3CH2OH,
HCl

The adsorption
capacities 22.2 mg g−1

after 60 min.
Removal of MB [32]

α-MnO2, β-MnO2,
and δ-MnO2

MG (Methyl
Glucoside) -

The removal efficiency
of MG 96.42%, 46.58%,
99.75%, respectively

For typical organic
pollutant removal [33]

MnO2
nanostructures - KMnO4, Mn

(CH3COO)2

The capacitance was
348.2 F g−1 and rate
capability of 89% for

2000 cycles.

Electrode materials [34]

δ-MnO2 - Mn-MOF, KMnO4,
120 ◦C

The capacitance
was 416 F g−1 Capacitors [35]

 
Figure 2. Schematic diagram of porous ε-MnO2 microcubes [30].

In summary, hydrothermal synthesis is an economical and excellent method, and it has
the following advantages. (1) It can yield high-purity products and (2) the as-synthesized
products have excellent properties. (3) It enables us to precisely adjust nanoparticle size and
morphology, and the final nanoparticle size and morphology are influenced by changing
reaction system pH value, and (4) no organic solvent is needed by the synthesis reagents.
However, its primary drawbacks lie in the requirement for costly equipment and stringent
reaction conditions during synthesis, coupled with relatively lengthy reaction periods [36].
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3.2. Sol–Gel Approach

In the sol–gel approach, homogeneous solutions are formed within the solvent using
metal-alcohol salts or inorganic salts as precursors. The solute interacts with the solvent
or other solutes via hydrolysis and condensation. The solution is condensed into a gel,
which is then heated and subjected to later treatments to obtain the eventual target product.
Different temperatures, pH, solution concentrations, and reaction duration may affect the
reaction system and yield products with different phases [37]. Although the sol–gel method
is less studied for synthesizing MnO2, it has numerous possible merits compared with
traditional synthetic approaches. For instance, it is often used to synthesize optical and
photovoltaic hybrid materials [38].

Reddy et al. [39] synthesized MnO2 with a sol–gel approach and by reducing aqueous
NaMnO4 using an organic reducing agent, i.e., fumaric acid. The difference in pore size dis-
tribution between the two materials resulted in two forms of manifold. Compared with the
dry gel, the manifold exhibited higher capacitance. MnO2 has a higher capacitance in two
moles of sodium chloride electrolyte than other electrolytes like potassium chloride, sodium
sulfate, and lithium chloride. According to previous research [40], MnO2 nanoparticles
and Ag-doped MnO2 nanoparticles were prepared using the sol–gel approach. The decom-
position of methyl orange (MO) and phenol via MnO2 was evaluated upon visible light
irradiation. The results showed that the MnO2 catalyst doped with a Ag volume fraction of
10 exhibited higher photocatalytic efficiency for MO than phenol. In addition, Ag-doped
MnO2 catalysts can be used for wastewater treatment and for removing environmental con-
taminants. Kusworo et al. [41] prepared a photocatalyst composite (ZnO-MnO2@SiO2) us-
ing the sol–gel approach, and later prepared the polysulfone/ZnO-MnO2@SiO2 (PSf/ZnO-
MnO2@SiO2) membrane through the non-solvent-induced phase separation technique.
Incorporating the ZnO-MnO2@SiO2 photocatalyst could enhance membrane hydrophilicity,
porosity, mechanical strength and water absorption capacity. Moreover, the recyclability,
flux stability, and antifouling performances of the membrane improved under UV light irra-
diation, thereby preventing scale formation and prolonging the membrane life span. Thus,
the PSf/ZnO-MnO2@SiO2 membrane was used for natural rubber-containing wastewater
treatment. Table 3 summarizes the electrochemical applications of MnO2 nanomaterials
prepared by the sol–gel method, from which it is known that MnO2 nanomaterials has good
applications in supercapacitors. Figure 3 illustrates the preparation process of carbon fiber
@cobaltferrite@manganese dioxide (CF@CoFe2O4@MnO2) composites by sol–gel method
and hydrothermal reaction. Notably, the CF@CoFe2O4@MnO2 nanomaterials can also have
good magnetic behavior in microwave absorbers.
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Table 3. Structure and application of MnO2 nanomaterials prepared using the sol–gel method.

MnO2 Structure Synthesis Conditions Result Applications Reference

γ-MnO2
MnAc2·4H2O,
C6H8O7·H2O Capacitance was 317 F g−1 Supercapacitors [42]

Mesoporous
Silica/MnO2 composite

(MS/MnO2)

Tetraethyl Orthosilicate,
KMnO4

Capacitance was 1158.50 F g−1 Supercapacitors [43]

Nanostructured MnO2 - The capacitance was 627.9 F g−1 Supercapacitors [44]

Nickel-doped
layered MnO2

KMnO4, Ni
(NO3)2·6H2O The capacitance was 140 mAh g−1 Sodium-ion batteries [45]

CF@CoFe2O4@MnO2

FeCl3·6H2O,
CoCl2·6H2O, CF

(Carbon Fiber), KMnO4

The microwave absorbing capacity
can reach up −41 dB Microwave absorbers [46]

α-MnO2 and
Cu-α-MnO2

CuSO4·5H2O, KMnO4

The maximum degradation of
Methylene Blue (MB) by α-MnO2, 1%
Cu-α-MnO2, 5% Cu-α-MnO2, and 10%
Cu-αMnO2 were 97.9%, 98.3%, 98.7%,

and 99.5%, respectively

Degradable MB [47]

 

Figure 3. Process for the preparation of CF@CoFe2O4@MnO2 composites [46].

In summary, the sol–gel approach can be a simple technique for controlling the reaction
at a molecular level, which yields products with fine, high-purity, homogeneous morpholo-
gies and crystal structure [48]. Using the sol–gel method, a thin protective coating can be
fabricated to ensure good adhesion between the substrate and the top layer. However, the
method has drawbacks like long synthesis time and complex operation steps.

3.3. Template Method

In recent years, the template method is commonly used for nanomaterial synthe-
sis using various structure-directing agents or templates. Using organic molecules as
template agents, guest species and surfactant molecules are co-assembled to the regular mi-
crostructure via template guidance to generate self-assembled nanomaterials with ordered
structures. Template methods can be categorized into soft and hard template methods
according to the used template type. The entire process is broadly divided into three steps:
(1) template synthesis, (2) MnO2 synthesis according to the template, and (3) template
deletion or retention in line with the requirements [49].
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3.3.1. Soft Template Approach

The soft template approach typically utilizes nonrigid nanostructures as the templates,
which are generated through intermolecular interactions. Subsequently, inorganic source
deposition onto nonrigid soft template interior and surface yields mesostructures with well-
defined dimensions and pore structures. Surfactants, flexible organic molecules, and block
copolymers are generally used as soft templates for interacting with metal ions and merging
to liquid crystal phases using the sol–gel method. The mesostructures with open pores were
acquired when the soft template was removed via calcination. Depending on concentration
of surfactants, micelles of different morphologies are formed. These micellar structures
allowed inorganic materials to exhibit specific distribution trends driven by electrostatic
interactions between surfactant molecules and nanomaterials, hydrogen bonding, and
van der Waals forces [50]. Hou et al. [51] found that micelles are an important factor in
controlling shape synthesis. However, soft templates can be adjusted to produce various
MnO2 nanomaterials by adjusting precursor concentrations and reaction conditions [52].

Yuan et al. [53] used polymers as soft templates for directing MnO2 nanowire growth
and stabilizing their structure to form the special graphene-loaded MnO2 nanowires.
The nanostructures exhibited excellent catalytic activity for oxidizing organic pollutants
in neutral and alkali environments. They demonstrated that the morphology of MnO2
considerably influenced the catalytic performance of MnO2. Tran et al. [54] synthesized
mesoporous MnO2 nanoparticles by olefinic oxidation using permanganate within a soft
template solution. Asymmetric capacitors, with activated carbon and MnO2 as the cathode
and anode separately, were assembled and investigated in aqueous potassium sulfate
solution. Experimental results showed that mesoporous MnO2 nanoparticles were the
candidate electrode material used in electrochemical energy storage because of their superb
low-power capacitive performance. Yang et al. [55] developed the in situ soft template
reduction method for the deposition of exposed and well-dispersed MnO2 nanoparticles in
mesoscopic channels within the regular ordered mesoporous Ce-based metal-organic frame-
work (OMUiO-66(Ce)). The substrate channel promoted hydrogen peroxide decomposition
with MnO2 as the catalyst; it also exhibited great efficiency, persistent intracellular antioxi-
dant effects and low-dose activity. The developed MnO2@OMUiO-66(Ce) had considerable
potential for application and could efficiently reduce the oxidative stress.

The soft template approach has numerous merits. For instance, soft templates are
available in various forms, and can be prepared by an easy and economical way, with no
need of complex instrument. Indeed, soft templates also possess certain drawbacks such as
imprecise control over size and shape, difficulties in template removal, challenges in achiev-
ing high product purity, and potential contamination from byproducts. These limitations
need to be carefully considered when utilizing soft templates for various applications.

3.3.2. Hard Template Approach

The above-mentioned soft template approach has limitations such as uneasy control of
product size, morphology or uniformity. Moreover, the remaining macromolecules, organic
compounds, and surfactants probably enhance ionic resistivity [56]. On the contrary,
the hard template method effectively decreases interference as no surfactant is involved.
Compared with the soft template approach, the hard template approach shows a promising
application in synthesizing MnO2 nanostructures.

Bai et al. [57] used KIT-6 to be the hard template to synthesize a 3D regular mesoporous
MnO2 (3D-MnO2). 3D-MnO2 had large specific surface area, templated mesoporous proper-
ties, and cubic symmetry. 3D-MnO2 made it possible for formaldehyde to completely convert
into water and carbon dioxide. The excellent catalytic activity of 3D-MnO2 might be associated
with the great specific surface area, special mesoporous structure, and numerous surfaces
Mn4+ ions. Zhang et al. [58] synthesized mesoporous MnO2 (M-MnO2) via nano-casting
by using porous silica SBA-15 as a hard template. M-MnO2 exhibited an 8-fold increased
adsorption capacity for phenol compared with control MnO2 (C-MnO2). Hydroxyl radicals
were identified as major reactive oxygen species, while the concentration of hydroxyl radical
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from M-MnO2 was increased by about two times compared with that from C-MnO2. Zhang
et al. [59] also synthesized M-MnO2 catalysts with increased pore size, pore volume, and
specific surface area The oxidation reactivity of M-MnO2 for oxalic acid (OA) and MO was
evaluated. The results showed that the M-MnO2 catalysts were most potent for catalyzing
MO and OA degradation, with degradation efficiencies of 98.37% and 92.96%, respectively.
Figure 4 displays the above MnO2 synthetic process. Table 4 summarizes the environmen-
tal applications of MnO2 synthesized using the hard template approach, MnO2 has good
application properties in supercapacitors, batteries, catalysts, etc.

 

Figure 4. Schematic showing the mesoporous MnO2 preparation through nano-casting with the
ordered mesoporous SBA-15 material being the hard template [59].

Table 4. Structure and application of MnO2 prepared using the hard template method.

Preparation Products Formwork Experimental Data Applications Reference

MnO2@polypyrrole Polystyrene

The specific capacitance, energy
density, and power density were

63 F g−1, 42 Wh kg−1 and
1100 W kg−1, separately.

Supercapacitors [60]

S/MnO2-280H S The capacitances of 1053 and
551 mAh g−1 following 400 cycles

Cathodes with Li-S
batteries [61]

MnO2 (KIT-6) KIT-6 The bifunctional activity measurable
value of 1.28 V Electrocatalysts [62]

Flower-like MnO2 MnCO3 microspheres 90% removal of 1000-ppm toluene Catalyst [63]

Nonetheless, template utilization leads to the higher cost of synthesis. Wang et al. [64]
prepared graded MnO2, in which cotton and potassium permanganate were the tem-
plate and precursor, respectively. Compared to additional templates, the biomaterial
is environmentally-friendly and easily available, and cotton fibers have homogeneous
morphology compared with other plant fibers. From an economic point of view, the envi-
ronmentally friendly, cost-effective, and sustainable bio-template approach is applicable to
synthesizing MnO2 nanomaterials.

Generally, the hard template method has the following advantages compared with
other synthesis methods: (1) the template can be used as a carrier for synthesizing nanomate-
rials of various shapes, (2) it solves the problem of the dispersion stability of nanomaterials,
with the realization of the synthesis and assembly of the integration, and (3) the operation
process is simple and suitable for mass production [65]. However, there are drawbacks like
the high cost of the templates and the contamination from byproducts.

3.4. Electrodeposition Method

Electrodeposition is commonly used to prepare thin films and nanoparticles [66].
The deposit morphology, physicochemical properties and crystal structure are adjusted
by changing the electrodeposition conditions, such as voltage, current [67], deposition
time [68], and electrolyte concentrations [69]. Therefore, the electrochemical method
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is advantageous relative to others, and its properties include that it is (1) controllable,
(2) simple and easy to operate, (3) has a relatively low processing temperature, and (4) has
mild reaction conditions. MnO2 electrodeposition proceeds as follows:

Mn2+ + 2H2O → MnO2 + 2e− + 4H+.

The deposition potential and conditions considerably affect the oxidation state, struc-
ture, surface area, and properties of MnO2 [70]. Ren et al. [71] used the easy electrodeposi-
tion approach to prepare Na+ pre-intercalated δ-MnO2 nanosheets (Na0.11MnO2) onto 3D
graphene (3DG). The specific capacitance of Na0.11MnO2/3DG electrodes was 1240 F g−1

at the 0.2 A g−1 current density. Moreover, Na0.11MnO2/3DG showed high cycle stability,
and the capacitance retention of the electrolyte was 90% following 9000 cycles within 2 mol
ZnSO4/0.2 mol or MnSO4 aqueous solution. The above study provided a new perspective
for δ-MnO2 to be a cathode with excellent energy and power density for energy-storage
devices. The Na0.11MnO2/3DG material preparation process is shown in Figure 5. Shi
et al. [72] deposited reduced nickel (rNi) bases via secondary construction on nanocore
nickel foam materials. These bases had a great specific surface area and improved active
substance mass utilization. The electrodeposition of MnO2 on reduced nickel bases could
be achieved via pre-intercalation treatment using Na+, K+, and NH4

+ three cations. More-
over, the mechanism of diverse monovalent cations guiding MnO2 material growth was
analyzed. The rNi/MnO2 composite with the unique nano-sintered structure could be
acquired via electrodeposition on reduced nickel bases. Supercapacitors assembled using
this electrode exhibited extremely high special capacitance as well as energy densities
of 80.22 and 24.90 W kg−1 at the 599.99 and 11,997.98 W kg−1 power densities, respec-
tively. Zhao et al. [73] used ultrathin nanosheets to prepare MnS2/MnO2-Carbon Cloth
(MnS2/MnO2-CC) heterostructure bifunctional catalysts via the two-step electrodeposition
approach for MB degradation in organic wastewater. These catalysts required overpoten-
tials as low as 66 and 116 mV for achieving 10 and 100 mA cm−2 current densities within the
MB/H2SO4 medium. They also had superb stability (with performance retention during
24-h testing) and a low Tafel slope (26.72 mV dec−1). The MB degradation rate reached
97.76%, which is considerably increased relative to the 72.10% rate of the MnOX-CC catalyst.
The study provided a novel idea for synthesizing stable and high-efficiency nonprecious
metal bifunctional electrocatalysts to conduct out HER and degradation of organic wastew-
ater. Table 5 summarizes the environmental applications of MnO2 synthesized through
electrodeposition, MnO2 can be used in supercapacitors, catalysts, and batteries.
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Figure 5. Schematic of the synthesis process of Na0.11MnO2/3DG composites [71].

Table 5. Structure and application of MnO2 prepared by the electrodeposition method.

Synthetic Structure
Measurement

Conditions
Performance Applications Reference

MnO2/poly
(3,4-ethylenediox-

ythiophene)
(PEDOT)

10 mV s−1 Capacitance was 89.7 mF cm−2 Supercapacitors [74]

γ-MnO2 0.025 V s−1 The capacitance was 43.1 F g−1 Capacitor electrodes [75]

ε-MnO2 100 mAh g−1 The discharge capacity delivered by the cell
was 5700 mAh g−1 Li-O2 Catalysts [76]

MnO2 nanostructures 1 A g−1 Capacitance and stability were 369 F g−1

and 97% following 1000 cycles
Supercapacitors [77]

MnO2 nanowires 1 mA cm−2 The stability was 92.6% after 10,000 cycles Supercapacitors [78]

MnO2@Mn 0.86 V The catalyst showed good stability after a
30h timed current test with little or no decay Catalysts [79]

MnO2-NiFe/Ni 50 mA cm−2 The power density was 93.95 mW cm−2 Oxygen
electrocatalysts [80]

α-MnO2/γ-MnO2 193 μW cm−2 The energy density was 93.8 μWh cm−2 Supercapacitors [81]

In summary, the performance of MnO2 nanomaterials prepared via electrochemical
deposition does not have high electrical conductivity, resistance, and specific capacitance
compared with those synthesized using other methods [82]. However, nanocomposites
such as carbon nanorods synthesized using this method have promising applications.

3.5. Reflux Approach

The reflux method is the wet chemical preparation approach, which requires no high-
temperature calcination. The reflux method can synthesize nanomaterials with the same
particle size and excellent catalytic performance directly. This approach is advantageous
in the simple operation, mild reaction conditions, and excellent purity of synthesized
materials [83]. Moreover, it can be used in large-scale MnO2 nanoparticle synthesis.
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Zhang et al. [84] used the simple microwave-assisted reflux method without using tem-
plates and surfactants to synthesize γ-MnO2 and α-MnO2 nanoparticles via 5 min refluxing
in neutral and acidic environments separately. Similarly, single-crystal β-MnO2 nanorods
(length, 0.5~2 μm; diameter, 20~50 nm) were prepared via reflux treatment with potassium
permanganate and manganese (II) sulfate within a nitric acid solution. In addition, the
reflux method is applicable for synthesizing doped nanoparticles. Said et al. [85] converted
γ-MnO2 into ε-MnO2 morphology by controlling the reflux reaction temperature and time.
The TGA/DTA results showed γ-MnO2 had higher stability compared with ε-MnO2. More-
over, reaction temperature considerably impacted the product phase and surface properties
according to surface area analysis. The thermal behavior and magnetic properties of MnO2
were also investigated. May et al. [86] synthesized α-MnO2 via refluxing using nitric oxide
and investigated how two synthesis methods affected the catalytic activities of CuO/α-
MnO2 catalysts. The relations of catalytic CO oxidation capacity with structural properties
were explored. The results showed that CO and abundant surface oxygen could be found
at the catalyst’s interfacial sites, inferring that the catalytic performance of the CuO/MnO2
catalyst depended on CO adsorption onto the reduced copper oxide.

However, the reflux method has some drawbacks, and the quality of the as-obtained
product is influenced by several factors. Kijima et al. [87] prepared α-, β-, and γ-MnO2 with
three phase structures by acid digestion using MnO2 trioxide under repetitive conditions.
MnO2 products had a polymorphic type, which was tightly associated with reaction
temperature as well as the acid type and concentration. α-MnO2 was formed by reaction at
high sulfuric acid concentrations and low temperatures. On the contrary, β-MnO2 could
be acquired by reaction under low sulfuric acid concentrations and high temperatures.
γ-MnO2 was obtained under intermediate conditions between β-MnO2 and α-MnO2. Only
β-MnO2 and γ-MnO2 were synthesized using nitric acid, whereas β-MnO2 was formed
under harsher conditions compared to γ-MnO2, with higher temperatures and higher nitric
acid concentrations.

In summary, the reflux method for preparing MnO2 nanomaterials boasts advantages
such as simplicity of operation, mild reaction conditions, and high purity of the synthesized
material. Furthermore, it is suitable for large-scale synthesis of MnO2 nanoparticles. However,
the quality of the obtained MnO2 nanomaterials was influenced by a multitude of factors.

3.6. Microemulsion Approach

Microemulsions are clear liquid phases (monophases) with high thermodynamic
stability formed from water, oil, surfactants, and co-surfactants. Water and oil are immisci-
ble, and surfactants are amphiphilic. Different from common emulsions, microemulsions
can be generated after blending water, oil and surfactants without the requirement of
high-shear conditions. Direct (oil dispersed within water), reverse (water dispersed in
oil), and bi-continuous and supercritical carbon dioxide are four microemulsion types.
The microemulsion method is used to synthesize well-controlled, narrow, monodispersed
nanoparticles [88]. It is mainly used to homogeneously synthesize metal nanoparticles
(diameters, 5–50 nm) [89]. This method demonstrates high practicability and efficiency
in synthesizing and processing inorganic nanomaterials, which is beneficial for uniform
volume heating, energy saving and higher reaction rate than conventional heating methods.

Xu et al. [90] synthesized MnO2 with a particle diameter of ~4 nm by the microemul-
sion method. Compared to chemical coprecipitation, the particle size of MnO2 considerably
decreased. The capacitance value of MnO2 was 246.2 F g−1, which considerably increased
relative to chemically coprecipitated MnO2 (146.5 F g−1). The specific capacitance was
reduced by just 6% following 600 cycles due to the high material cycling performance.
Zefirov et al. [91] used an organometallic compound dissolved in supercritical carbon
dioxide in an organometallic precursor to prepare MnO2 nanoparticles with small grains
and a low polydispersity index.
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In summary, the advantages of the microemulsion method had a simple experimental
set-up and low energy consumption, enabled easy handling, and had potential for com-
mercial production. However, the microemulsion process requires excessive solvent [92].

3.7. Chemical Coprecipitation

Chemical coprecipitation is used for synthesizing composites containing two or more
metallic elements. In this method, nanoparticle precipitates can be generated through a
controlled reaction of cations with anions. This reaction may be impacted by temperature,
pH, and reactant concentration [93].

Sivakumar et al. [94] synthesized α-MnO2 nanoparticles via chemical coprecipitation.
The results of cyclic voltammetry analysis showed α-MnO2 nanoparticles had good capac-
itive behavior. Yaday et al. [95] synthesized MnO2 nanoparticles using simple chemical
coprecipitation and reflux-assisted coprecipitation methods at different reflux durations
and annealing temperatures separately. XRD, FTIR spectroscopy, UV-vis spectroscopy, BET
surface area analyzer, and thermogravimetric analysis were utilized to examine sample op-
tical, structural and thermal performances. The Scherrer equation was utilized to evaluate
the mean sample grain size, which was determined to be 6~8 nm (6~7 nm) and 15~30 nm
(20~46 nm) for reflux-assisted and coprecipitation approaches, separately. The peaks corre-
spond to Mn-O bonds on the FTIR spectra, verifying that MnO2 nanoparticles were formed.
According to FESEM analysis, the samples had nanorod-type morphology. MnO2 nanopar-
ticles exhibited pseudo-capacitive behavior and excellent photocatalytic performance for
the degradation of bright green dyes. Figure 6 displays the MnO2 nanoparticles preparation
route. Pan et al. [96] prepared five crystalline forms of MnO2 with manganese sulfate being
the manganese source and investigated differences in physicochemical properties based
on specific surface area, phase morphology, pore volume, pore size, surface structure and
particle size. The performance tests and electrode reaction kinetics for the five crystal
batteries and capacitors showed that δ-MnO2 and γ-MnO2 are more suitable for capacitors
and batteries, respectively.

The chemical co-precipitation method requires low reaction temperature and simple
equipment and has low energy consumption, safe operation, simplicity, and low cost.
However, chemical co-precipitation also has drawbacks: (1) the prepared manganese
dioxide material is relatively low in purity and (2) poor homogeneity and being prone to
agglomeration problems, which affects material properties.
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Figure 6. Schematic representation of MnO2 nanoparticle synthesis process [95].

3.8. Chemical Reduction Method

Chemical reduction has been developed as the high-efficiency wet chemical approach
used to synthesize zero-valent nanoparticles. It is commonly used for synthesizing mag-
netic metal nanoparticles such as iron, cobalt, and nickel [97]. The average particle size
and distribution can be controlled by adjusting the preparation conditions such as the
concentrations of solvents, surfactants, and reducing agents [98].

Li et al. [99] provided an easy and high-efficiency solid-solution reaction pathway
at a low temperature (60 ◦C) without using templates or surfactants for the large-scale
synthesis of α-MnO2. α-MnO2 is a new candidate material for lithium battery applications.
Khan et al. [100] prepared MnO2 nanoparticles and MnO2 nanoparticle/activated carbon
(MnO2/AC) composites via chemical reduction. The results showed that the MnO2/AC
composite contributed to degrading CR (Congo Red) dye by ~98.53%, whereas MnO2
nanoparticles degraded CR dye by 66.57% under the identical irradiation time. Moreover,
the MnO2/AC composite was highly sustainable and could be used for repeated degrada-
tion of CR dye after rinsing and thermal treatment. Cremonezzi et al. [101] synthesized
highly capacitive δ-MnO2 using a new easy route by reducing potassium permanganate.
The capacitance of δ-MnO2 was 190 F g−1 at 0.25 A g−1.

In summary, the chemical reduction method for the preparation of MnO2 nanoparticles
has advantages such as the low cost and ready availability of raw materials, straightforward
operational procedures, and ease of control. However, the chemical reduction method has some
limitations in the reducing agent such as high toxicity, low purity, and high synthesis costs.

3.9. Green Synthesis Method

Recently, more and more studies have been conducted to prepare manganese dioxide
nanoparticles by the green synthesis methods. This phenomenon indicates that the greening
of preparation methods will be a significant direction in the future. Green synthesis is
an ecofriendly, cleaner, and cheaper method for nanoparticle synthesis. This method is
viable for synthesizing biocompatible nanoparticles, thereby bridging materials science and
biotechnology. Moreover, nanoparticles with controllable shapes and sizes can be prepared
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via green synthesis [102]. Fruits, vegetables, plant extracts, fungi and microorganisms have
been used as raw materials to prepare manganese and manganese-oxide nanoparticles via
green synthesis [103].

3.9.1. Plant Extraction Method

The environmentally friendly preparation of MnO2 nanoparticles with plant extracts
can be an economical and effective method [104]. In this method, plant extracts are added to
a metal salt solution at room temperature, and this reaction can be completed within several
minutes. Metal reduction can be achieved by diverse compounds including terpenoids,
polysaccharides, phenolics and flavonoids in plant extracts [105]. At present, some plant
extracts are adopted for synthesizing MnO2 nanoparticles.

Hashem et al. [106] prepared MnO2 nanomaterials via the green synthesis of lemon
peel (P) or juice (J). The crystalline and electrochemical properties of P-MnO2 and J-MnO2
were improved since lemon peel possesses 3 reducing reagents, and lemon juice contains
citric acid and ascorbic acid. P-MnO2 have the same electrochemical properties as con-
ventional reducing reagents, but P-MnO2 was expensive. The novel preparation method
is simple, cost-effective, environmentally friendly, and scalable for large-scale α-MnO2
nanoparticle synthesis. The MnO2 nanoparticles can be applied to electrochemical energy
storage. Shehroz et al. [107] prepared the three MnO2 three phases (α-, β-, and γ-MnO2)
in a single individual. For this purpose, natural surfactants were synthesized using bitter
apple extract as a green solvent. MnO2 nanoparticles were synthesized under the same
conditions with/without plant extracts. Experimental results showed that the average
size of products was 20~50 nm by the green synthesis method, while that was 20~25 nm
for nanoparticles prepared by chemical methods. Dye and nitroaromatic reduction was
investigated by using MnO2 nanoparticles as the catalysts. Moreover, the apparent rate con-
stants, reduction rates, reduction concentrations, and reduction time were analyzed. The
nanoparticles prepared by the environmentally friendly method showed superior catalytic
performance to those prepared by the chemical method. Ramesh et al. [108] synthesized
green MnO2 nanoparticles using medicinal plant extracts. The results of XRD analysis
proved the crystal structure of MnO2 nanoparticles. The results of SEM illustrated that
MnO2 nanoparticles prepared by the environmentally friendly method showed a spherical
shape. Moreover, 72% of methylene blue (MB) dye was degraded after 150 min under UV
light irradiation. Table 6 summarizes the applications of MnO2 synthesized using the plant
extraction method, the prepared MnO2 nanoparticles have different sizes with the different
plant sources. MnO2 has good applications in heavy metal adsorption, organic pollutant
adsorption and so on. The degradation mechanism of toxic dyes by green synthesized
manganese dioxide nanoparticles is shown in Figure 7.

Table 6. Preparation of MnO2 nanoparticles with plant extracts and their applications.

Plant Organism
Nanoparticle

Structures of MnO2
Particle Size Effect Appliance Reference

Flower extract MnO2 nanorods 100 nm

Decolorization of the
target dye was 91.3%.
TOC and COD were

reduced by 90.6% and
92.1% separately.

Removal of
crystalline
violet dye

[109]

Saraca asoca leaves
extract MnO2 nanoparticles 18 nm

The semi-inhibitory
concentration values of

20 μg/mL for both MCF-7
and MDAMB-231 cells

Considerable
cytotoxic effects on

cancer cells
[110]

Yucca gloriosa leaf
extract MnO2 nanoparticle 80 nm

The photocatalytic
efficiency for 20 min

was 33%

Photocatalytic
activity and good

degradation of
organic dyes

[111]
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Table 6. Cont.

Plant Organism
Nanoparticle

Structures of MnO2
Particle Size Effect Appliance Reference

Potato leaf extract MnO2 nanoparticle 26 nm

Significant increases of
67.1% in plant growth

activity, 52.8% in
photosynthetic pigments,

and 56.25% in
non-enzymatic antioxidant
activity in soil, respectively

Multi-aspect
enhancer [112]

Extract of viola
betonicifolia

Green synthesized
MnO2 nanoparticles

and Chemically
Synthesized MnO2

Nanoparticles

10.5 ± 0.85 nm

Cell survival
(79.33 ± 0.75%),
(73.54 ± 0.82%),

respectively

Used to provide
antimicrobial

coatings
[113]

Extract of ficus
retusa plant

α-MnO2
nanoparticles 30~50 nm

The adsorption capacities
for Mo and Mr

dyes were 116.1 and
74.02 mg g−1, separately

Adsorbent [114]

Papaya leaf extract MnO2
nano-conjugate 30~40 nm The urea and cholesterol

reduced to 94 ± 2.16

For the treatment
of hyperbilirubi-

naemia
[115]

Chamomile flower
extract MnO2 nanoparticles 16.5 nm

The percentage of
apoptotic cells in RS-2

ranged from 0.97%
to 99.94%

Strong inhibitory
effect on rice
strain RS-2

[116]

Plant extracts α-MnO2 2.8~4.5 nm

The capacitance and
stability were 500 F g−1

and 71%, separately, after
7000 cycles

Supercapacitors [117]

Mango lead extract δ-MnO2
nanoparticles 1.5~2.5 nm

The efficiency
with >96% removal of

cationic pollutants
Cation adsorbent [118]

 

Figure 7. Degradation of toxic dyes by green synthetic manganese dioxide nanoparticles.
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In summary, the yield of MnO2 nanoparticles prepared by the plant extraction method
is low compared with those prepared by other methods, and it can hardly control the
generation conditions of nanoparticles precisely, and the products prepared by the plant
extraction method still have certain toxins [119]. In contrast to other preparation methods,
the plant extraction method possesses the advantages of being cleaner and more conducive
to sustainable development.

3.9.2. Environmentally Friendly Synthetic Methods Based on Microorganisms

Microorganisms are promising for nanoparticle synthesis. Metal salts are reduced into
metal nanoparticles via the domestication of enzymes. Fungi exhibit superior bioaccumula-
tion and resistance, which contribute to synthesizing metal nanoparticles. The interaction
of microorganisms with metals is also extensively investigated [120]. Microorganisms can
be adopted for accumulating or extracting metals via bioleaching, bioremediation, and
heavy metal elimination [121].

Sinha et al. [122] synthesized intracellular MnO2 nanoparticles by the simultaneous
manganese remediation from the highly mono-disperse medium using Bacillus sphaer-
icus. Those prepared nanoparticles were orthorhombic crystalline MnO2. When cells
were challenged with manganese, MnO2 nanoparticles (mean size, 4.62 ± 0.14 nm) were
prepared. The above study offered the merits of synthesizing relevant oxide nanoparticles
to prevent manganese pollution. Borah et al. [123] achieved a compositionally controllable,
room-temperature, and simple environmentally friendly preparation route of high-purity
α-MnO2 nanoparticles by reducing KMnO4 aqueous solution with an edible freshwater red
algae aqueous extract. The synthesized MnO2 nanoparticles showed excellent photocat-
alytic performance for rhodamine B (RhB), methylene blue (MB) and methyl Orange (MO),
with degradation rate constants of 0.06781, 0.03831 and 0.04323 min−1, separately. The
photocatalysts were easily recycled and highly stable. In total, 3 mg of MnO2 nanoparticles
exhibited nearly total degradation efficiency (92%) within 30 min. Alvares et al. [124] used
Haloarchaea alexandrina GUSF-1 cell lysates to obtain Mn3O4-MnO2 nanocomposites. The
antimicrobial activity of these nanocomposites satisfied Pseudomonas aeruginosa > Salmonella
typhimurium > Escherichia coli > Amoebacterium commonly known as Proteus mirabilis >
Candida albicans > Staphylococcus aureus.

In summary, the environmentally friendly synthetic methods based on microorganisms
exhibit the advantages of being environmentally friendly and possessing good biocompati-
bility. However, the synthesis method is easily influenced by different factors [125,126], like
strain type and environmental conditions such as temperature, pH, salt concentration and
growth medium, all of which have direct or indirect influence on nanoparticle composition,
size and morphology. As a result, it also faces challenges such as high technical difficulty,
low stability, issues with purity, and concerns over biosafety.

4. Electrochemical Applications

MnO2 nanomaterials can be used in supercapacitors and batteries due to them being
inexpensive, widely available, and malleable [127]. Table 7 summarizes other electrochemi-
cal applications of manganese dioxide, which can be used in zinc-ion batteries, pneumatic
actuators, and so on.

Table 7. Electrochemical applications of MnO2.

Synthetic Structure
Measurement

Conditions
Performance Applications Reference

β-MnO2/Polypyrrole 0.2 A g−1 Specific discharge capacity of
361.7 mAh g−1 Zinc-ion batteries [128]
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Table 7. Cont.

Synthetic Structure
Measurement

Conditions
Performance Applications Reference

Manganese
dioxide/gelatin-glycerol ±2 V

High bending actuation (20-mm
deflection, >360◦ scan angle, and
2.5-mm radius of curvature) and

different shape change

Air-working actuator [129]

α-MnO2 0.1 A g −1
Capacity was 190 mAh g−1 and

the stability was after 50,000 cycles
in (NH4)2SO4

Ammonium-ion
energy storage [130]

MnO2/graphitic carbon
nitride (g-CN) 5 mV/s

The optimal composite system
achieved a current density of 10

mA/cm2 with an overpotential of
430 mV and exhibited a Tafel slope

of approximately 70 mV/dec

Electrocatalysts [131]

4.1. Supercapacitors

Supercapacitors are energy-storage technologies widely researched recently. Unlike
batteries, supercapacitors can be rapidly recharged, operate at a wider temperature range,
are environmentally friendly, and offer better safety, higher reliability, and maintenance-free
operation [132]. Moreover, the electrochemical properties are largely determined by active
substances contained within the electrodes. MnO2 nanomaterials can be used to prepare
high-performance electrode materials for supercapacitors because of their large specific
capacity and good electrochemical performance. MnO2 materials can store and release
electrical energy quickly and display excellent cycle stability. Additionally, the energy-
storage properties of supercapacitors are further enhanced by controlling MnO2 material
characteristics, such as morphology, crystal structure, and pore structure. Supercapacitors
can be used in printed electronics [133], electric vehicles [134], smart devices [135], and
energy-storage systems [136].

Conventional supercapacitors use activated carbon-based materials as electrodes.
This material had typical carbon-based material advantages, including abundant material
sources, environmentally friendly properties, excellent electroconductivity, high specific
surface area, and broad operating temperatures [137]. Electrochemical capacitors containing
carbon-based materials were electrochemical double-layer capacitor types. The capacitance
depends on the accessible electrolyte ion surface area rather than the capacitor material body.
The carbon-based materials provide a high specific surface area, their pore size distribution
and pore structure affect the energy storage rate of EDLC supercapacitors [138].

Electrochemical double-layer capacitors use materials with limited capacitance and
supercapacitor materials with pseudo-capacitance may be 10~100 times more capaci-
tive. The store charge is similar to conventional capacitor electrodes and exhibits a
Faraday reaction between the electrode material and ions. Such pseudo-capacitive su-
percapacitor materials are divided into two types: excessive metal oxides or conducting
polymers [139–141]. Excessive metal oxides include ruthenium oxides, manganese oxides,
and nickel oxides [142–144]. To be specific, metal oxides offer increased energy density
compared with traditional carbon-based materials. The pseudo-capacitance of metal oxides
is affected by physical properties and chemical factors [145,146]; however, they can yield
higher performances by modifying or using composite materials as well as the adjustment
of electrode structure.

Yao et al. [147] obtained an excellent capacitance of MnO2 electrode material by
printing pseudo-capacitor electrodes. The MnO2 electrode was loaded with 182.2 mg cm−2

and its capacitance was 44.13 F cm−2. The specific capacitance of the 2D MnO2/pSiNW
electrode prepared by Bagal et al. [148] was 311.89 F g−1 at 2 A g−1. Using it as the anode,
the density and power density of this capacitor were the highest (93.31 mWh cm−2 and
1.51 mW cm−2, separately), while its capacitance retention was 89.5% over 10,000 cycles.
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Tynan et al. [149] uniformly deposited MnO2 nanoparticles with pseudo-capacitance on
carbon nanotubes using the chemical method, and the capacitance of MnO2 nanoparticle
electrodes could be enhanced by a factor of 9 relative to the benchmark material at a loading
of 95 wt% of MnO2. Moreover, MnO2 nanoparticles enhanced the structure of hybrid
electrodes, such as a 110% and 430% increase in tensile strength and stiffness compared to
the benchmark material. Table 8 summarizes the different synthesis methods and forms
of MnO2 used as supercapacitors. It elucidates the specific capacitance, energy density,
scan rate, and cycling stability, with the results indicating that the manganese dioxide
prepared via the hydrothermal method and doped with Ag exhibits a maximum specific
capacitance of 1027 F g−1, at a scan rate of 1 A g−1. Although the two-dimensional layered
δ-MnO2 prepared by the chemical reduction method possesses a relatively low energy
density, it exhibits exceptional cycling stability, retaining 98.7% of its initial performance
after 10,000 cycles. In contrast, the cycling stability of manganese dioxide prepared by
electrodeposition is relatively poor, achieving only 56.81% after 1000 cycles, as compared to
other methods. δ-MnO2 materials successfully prepared by a chemical reduction method,
and thoroughly evaluated the electrochemical properties of these materials, as well as their
composites with carbon (C, labeled as C/MnO2 with varying reaction times of 0.5 h, 1 h,
and 2 h), using cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) tests
in a standard three-electrode system with 1.0 M sodium sulfate electrolyte. At a scan rate
of 200 mV/s, the CV curve of pure carbon (C) exhibited a near-rectangular shape, clearly
indicating its excellent electric double-layer capacitance behavior during both anodic and
cathodic scans. Similarly, the CV curves of the C/MnO2 nanocomposites also displayed
a quasi-rectangular shape with no pronounced redox peaks, revealing a synergistic effect
between the electric double-layer capacitance and the rapid, reversible Faradaic redox
reactions occurring on the MnO2 surface, operating at a pseudo-constant rate across the
entire potential range. Notably, the C/MnO2 sample prepared for 1 h exhibited the largest
CV area, signifying its possession of the highest specific capacitance. During the charge–
discharge tests, the GCD curves of all samples maintained an almost perfect triangular
shape, which not only attested to the materials’ extended charge–discharge durations but
also highlighted the substantial positive contribution of pseudocapacitive mechanisms
to the overall specific capacitance. Across a wide range of current densities from 0.25 to
10 A g−1, the GCD curves of all samples remained close to triangular, demonstrating
ideal capacitive behavior and high Coulombic efficiency. It is noteworthy that while the
pure carbon material (C) displayed good rate capability, its specific capacitance fell below
50 F g−1. In contrast, the C/MnO2 sample prepared for 1 h achieved the highest specific
capacitance of 116.61 F g−1 at a current density of 1 A g−1, significantly surpassing that of
C/MnO2 prepared for 0.5 h (84.65 F g−1) and 2 h (58.37 F g−1), likely due to the optimized
nanosheet structure and appropriate composition. It was also observed that as the current
density increased, the specific capacitance of all electrode materials decreased gradually. This
phenomenon can be attributed to the fact that electrolyte ions can diffuse sufficiently and
uniformly into the internal pores of the electrode materials at low current densities, enabling
a higher specific capacitance. However, the electrolyte ions are time-constrained and fail to
adequately access all active sites within the electrode under the high current densities, leading
to insufficient Faradaic redox reactions and, consequently, a lower specific capacitance.

Table 8. Comparison of energy storage performance of different synthesized and formed manganese
dioxide in supercapacitors.

Material
Preparation

Method
Specific Capacitance Cycling Life Energy Density Reference

α-MnO2
Plant extraction

method 90 F g−1 at 1 A g−1 98% after
1000 cycles 37 Wh kg−1 [150]

δ-MnO2
Chemical

reduction method 116.61 F g−1 at 1 A g−1 98.7% after
10,000 cycles 22.7 Wh kg−1 [151]
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Table 8. Cont.

Material
Preparation

Method
Specific Capacitance Cycling Life Energy Density Reference

MnO2/Ag Chemical
reduction method 115 F g−1 at 0.2 A g−1 75% after

1000 cycles 45 Wh kg−1 [152]

MnO2-NiO Electrodeposition
method 375 F g−1 at 0.5 A g−1 56.81% after

1000 cycles - [153]

Ag0.05 MnO2
Hydrothermal

method 1027 F g−1 at 1 A g−1 93.16% after
10,000 cycles - [154]

ZnO@MnO2
Hydrothermal

method 839.9 F g−1 at 0.3 A g−1 92% after
10,000 cycles 74.6 Wh kg−1 [155]

α-MnO2
Hydrothermal

method 47 F g−1 at 0.5 A g−1 94% after
5000 cycles 21 Wh kg−1 [156]

λ-
MnO2/polyaniline

Hydrothermal
method 232.1 F g−1 at 0.2 A g−1 78.65% after

3000 cycles 66.4 Wh kg−1 [157]

β-MnO2
Hydrothermal

method 212.85 F g−1 at 0.2 A g−1 97.5% after
5000 cycles - [158]

γ-MnO2
Hydrothermal

method 103 F g−1 at 1 A g−1 - - [159]

Polyaniline-MnO2 Templates method 765 F g−1 at 0.25 A g−1 80% after
14,000 cycles - [160]

Polyaniline-MnO2

chemical
co-precipitation

method
417 F g−1 at 5 mV s −1 - 7.2 Wh kg−1 [161]

In summary, supercapacitors can be used in many applications, but their performance
is considerably affected by electrode materials. MnO2 and its composites can improve cycle
life, power density, and energy density compared with traditional carbon-based materials
and may be potentially applied in large-scale energy storage.

4.2. Zn-MnO2 Batteries

Zn-MnO2 batteries are a common type of disposable batteries and typically comprise
Zn and MnO2 as anode and cathode, separately, and an electrolyte. Compared with other
batteries, Zn-MnO2 batteries are inexpensive, have better stability and longer storage life,
and are environmentally friendly and recyclable [162]. Zn-MnO2 batteries are mainly used
in electronic devices [163].

In neutral and weakly acidic electrolytes, MnO2 in Zn-MnO2 batteries are first reduced
to MnOOH. As the acidic solubility increases, MnOOH is reduced to Mn2+ and Zn metal is
oxidized to Zn ions. This redox reaction generates an electric current in the battery, thus
realizing electrical energy conversion and storage. The Zn-MnO2 battery performance is
affected by physical conditions and chemical factors [164,165]. However, the performance
is enhanced after adding electrolytes. Shen et al. [166] found that redox conversion of MnO2
with Mn2+ could be achieved by maintaining critical range conditions. Zn-MnO2 batteries
based on this electrochemical property can withstand 16,000 cycles without significant
capacity degradation, and the stored energy density was 602 Wh kg−1. Liu et al. [167]
modulated the electrolyte composition by adding acetic acid and chromium chloride (Cr3+)
and using combined strategies such as pre-cycling and sonication. MnO2 suspension was
mitigated, and a more stable and reversible cycling reaction was achieved after combining
pre-cycling and sonication. The modified zinc-MnO2 batteries showed higher Coulombic
efficiency at 1.4 V and maintained 7500 stable cycles, and the capacity and current density
were 0.5 mAh cm−2 and 10 mA cm−2 separately. Ma et al. [168] added an aqueous organic
electrolyte of tetra-ethylene glycol dimethyl ether to inhibit water molecule activity, thus
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avoiding the generation of by-products. The specific capacity of Zn-MnO2 batteries was
as high as 132 mAh g−1. The capacity retention reached >98% following 1000 cycles at
the 1.25 V operating voltage and the 200 mA g−1 current density. Each of these studies
demonstrates that Zn-MnO2 cell performance may be improved by adjusting the electrolyte
composition and employing specific strategies. Table 9 summarizes the comparison of
different crystals of manganese dioxide in zinc–manganese batteries. The results indicate
that δ-MnO2-x exhibits higher capacitance compared to several other electrode materials,
primarily due to the importance of layered structure in enhancing capacitive performance.
This unique structure favorably facilitates the surface adsorption and intercalation of metal
cations such as Na+, K+, and H+. Consequently, it enables the reversible transition between
Mn (IV) and Mn (III) valence states, which is vital for charge storage. Essentially, the
layered structure of δ-MnO2 promotes efficient ion transport and electron transfer, thereby
elevating its overall capacitive performance. However, β-MnO2 electrodes prepared via the
electrodeposition method exhibit the longest cycle life. This is attributed to the ability of
the electrodeposition process to precisely control the thickness and structure of the β-MnO2
deposit, resulting in a uniform and dense layer. Additionally, the tunnel structure and
chemical stability of β-MnO2 facilitate rapid ion transport and charge storage, while mini-
mizing material degradation during cycling. Consequently, β-MnO2 electrodes produced
through the electrodeposition method are able to demonstrate extended cycle life. The
electrochemical properties of β-MnO2 material were comprehensively evaluated using
cyclic voltammetry (CV). Within the discharge potential range of approximately 1.8–2 V,
paired with the Zn2+/Zn system, the material exhibited stable areal capacity performance
over the initial 20 cycle periods. Notably, under a 2.2 V charging condition, a uniform layer
of manganese dioxide was observed to cover the C-cloth CC substrate, clearly indicating
the achievement of homogeneous and dense deposition of manganese dioxide nanoflowers
on the C-cloth surface. This phenomenon was robustly supported by the stability of the
discharge platform over the first 20 cycles, further attesting to the remarkable thermody-
namic stability of β-MnO2 within the Zn–manganese dioxide battery system and its ability
to maintain a more regular morphological structure.

Table 9. Comparison of different crystalline manganese dioxide in zinc–manganese batteries.

Cathode
Preparation

Method
Electrolyte Plateau (V)

Capacity
(mAh g−1)

Cycling Life Reference

α-MnO2
Hydrothermal

method 2 M ZnSO4 + 0.1 M MnSO4 0.8–2.0 302 78.4% after
2000 cycles [169]

β-MnO2
Hydrothermal

method
2 M ZnSO4 + 0.1 M MnSO4

+ 0.1 M Na2SO4
1.0–1.9 325 94% after

1000 cycles [170]

δ-MnO2-x
Hydrothermal

method 2 M ZnSO4 + 0.1 M MnSO4 0.9–1.9 551.8 83% after
1500 cycles [171]

ε-MnO2
Hydrothermal

method
3 M MnSO4 + 0.3 M H2SO4

+ 0.06 M NiSO4
1.16–3.4 270 99% after

450 cycles [172]

β-MnO2
Electrodeposition

method 1 M ZnSO4 + 1 M MnSO4 1.8–2.2 - ≈100% after
400 cycles [173]

γ-MnO2
Electrodeposition

method
0.5 M Mn (CH3COO)2 +

0.5 M Na2SO4
- 391.2 92.17% after

3000 cycles [174]

In general, Zn-MnO2 batteries, as a kind of low-cost battery, offer a reasonable capacity
and energy density. Therefore, Zn-MnO2 is widely adopted for electronic devices, and
its performance, although affected by many factors, can still be improved by optimizing
the electrolyte composition. Zn-MnO2 batteries have a broad application prospect in the
energy-storage field
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4.3. MnO2/Carbon Nanomaterial Composites

MnO2/carbon nanomaterials composites (MnO2/CNTs) are nanocomposites inte-
grated with the unique properties of MnO2 and carbon nanotubes. Since carbon nanotubes
possess superb mechanical stability, increased surface area, and great electrical conduc-
tivity, the integration of CNTs with manganese dioxide efficiently enhances the specific
capacity, conductivity, as well as other electrochemical properties of the composite [175].
In addition, CNTs contribute to improving cycle stability and charge/discharge rate ca-
pability of the MnO2/CNTs composites [176]. Therefore, MnO2/CNT composites exhibit
superior electrochemical properties. MnO2/CNTs are mainly used in supercapacitors [177],
biosensors [178], catalysts [179] and other applications.

Li et al. [180] successfully recovered MnO2/CNT cathodes from MnO2 electrodes by
simple calcination at mild temperatures and used then to be electrodes in supercapacitors.
The specific capacity was 253.86 F g−1 within the 0.5 M Na2SO4 at 0.5 A g−1. The sus-
tainability of carbon-based materials for high-performance electrochemical applications
was demonstrated through recycling. Rosaiah et al. [181] prepared and investigated elec-
trochemical performances of pure manganese dioxide and MnO2/CNTs composites by a
hydrothermal synthesis method, and discharge capacities were 1225 and 1589 mAh g−1,
separately. The MnO2/CNTs composites exhibited high stability, and the capacitance was
957 mAh g−1 following 60 cycles. The superb specific capacity and cycling performance
are associated with the synergistic effect of carbon matrix materials with MnO2, and this
synergistic effect also indicates that carbon matrix materials are important for MnO2/CNT
composites. Zhou et al. [182] prepared MnO2@CNTs composite electrodes that possessed
the 3D nanostructure. The capacitance of the prepared MnO2@CNTs composite electrodes
reached 256 mAh g−1 at 0.1 A g−1 and remained stable following 700 cycles. This work
explains the mechanisms by which carbon nanotubes enhance MnO2 cathode performances,
providing a new perspective on designing efficient electrochemical energy storage devices.

To sum up, the carbon matrix material plays a central role and significantly improves
the composite electrochemical performances in the MnO2/CNTs composites. Meanwhile,
the sustainable characteristics of carbon matrix materials contribute to their broad uses in
energy storage.

5. Summary and Outlook

In conclusion, MnO2 is being widely used due to its unique properties. In contrast to
the previous review, this review summarizes approaches for preparing MnO2 nanoparticles
and describes the corresponding respective merits, demerits or limitations, which is believed
to help researchers to better select the synthesis methods. In addition, the multifunctional
extension applications of MnO2 nanomaterials are also presented. Although great progress
is achieved in MnO2 nanoparticle studies, the preparation methods and the electrochemical
applications of MnO2 nanoparticles need to be further investigated. Here, the future research
prospects of MnO2 nanoparticles are briefly discussed, as shown in Figure 8.

Up to now, the preparation method of MnO2 nanoparticles has been continuously im-
proved, and the performance of MnO2 nanoparticles has been greatly improved. However,
the research on MnO2 nanoparticles is still in its infancy and has not been fully applied
to practical applications. Addressing this challenge will require focused efforts in several
areas in the future.

i. Although there are several ways to prepare MnO2 nanoparticles, realizing large-scale,
cost-effective and high-quality synthesis remains challenging. The high production
cost makes the commercialization of manganese dioxide nanoparticles difficult, espe-
cially in cost-sensitive industries.

ii. Although MnO2 nanoparticles have demonstrated excellent performance on the
laboratory scale, a series of technical challenges need to be addressed in practical
applications, for example, how to improve the stability and electrochemical properties
of MnO2 nanoparticles. These issues need to be addressed by continuous research
and technological innovations.
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iii. Despite the excellent MnO2 nanoparticle performances, the process of MnO2 preparation
may generate some hazardous substances and wastes. This requires manufacturers to
take environmental protection measures during the production process. In addition, the
environmental impacts of nanomaterials need to be further studied and evaluated.

 

Figure 8. Future aspects of MnO2 nanoparticles.
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