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ABSTRACT: This paper provides a comprehensive review of the synthesis, use, and advantages of 

cyclodextrin-derivatized ferrimagnetic nanoparticles for the removal of textile dyes from natural waters. 

Dyes make their way into natural water systems and affect ecosystems and human health. Water soluble 

natural cyclodextrins (CD) are able to include dyes into their hydrophobic cavities. To extract the pollutant 

from water, the host molecules need to be tethered to insoluble supports, such as magnetic nanoparticles, 

making possible the extraction of the pollutant from the water using a simple magnet. Thus, after washing 

treatment, the pollutant is extracted, and the support is regenerated for a new remediation cycle. We report 

herein the synthetic strategies to immobilize β-cyclodextrin onto magnetic nanoparticles MNP@CD using 

weak to strong bindings, and the analytical methods used to characterize and monitor their effectiveness. 

Hydroxyl groups present on the CD scaffold can chelate iron cores by coprecipitation, solvothermal 

reaction, polymerization, carboxylic acid coordination, and silica bonding. An assessment of various dye 

adsorption capacities of MNP@CD is reported, spanning a range of 3 orders of magnitude, from 2.38 to 

2780 mg of dye/g. The recyclability of the magnetic nanoparticles, with excellent removal rates of 90% 

after a few cycles, is also discussed. 

Keywords: Magnetic nanoparticle; Cyclodextrin; Industrial dyes; Wastewater remediation; Ferrimagnetic; 

Host-guest inclusion; Silica coating; Co-precipitation 

 

1. Introduction 

Textile manufacturing and clothing production are large and important industries in many countries 

around the world. However, along with their enormous positive economic activities comes a large negative 

impact on the environment. These industries use a wide range of dyes to achieve the desired palette of 

colors, including dyes arising from natural sources and, more recently, synthetic dyes. These dyes enter 

natural water systems, where they can adversely affect ecosystems and human health in various ways, as 

discussed below. 
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Many of these dyes, contained in industrial effluents and household washings, have dramatic 

detrimental effects on the environment, not only on the health of aquatic species, but also on drinking water 

quality and safety. Islam et al. recently published a comprehensive review on the impact of textile dyes on 

human health and the ecosystem [1]. They point out that the textile industry is a major contributor to water 

pollution, due to its large consumption of water in its industrial processes and the discharge of coloring 

agents into natural water systems. The release of effluents from the textile industry has major impacts 

affecting many aspects of aquatic health, including biological oxygen demand (BOD), total dissolved solids, 

toxic compounds, and pH [1]. These factors can significantly negatively affect both aquatic species 

populations and human health. Azo dyes, for example, which represent an important category of dyes used 

in the textile industry, are known to be human carcinogens [2]. 

There have been numerous approaches to the remediation of industrially polluted natural waters, 

including specifically the removal of dyes from wastewater [3,4]. Various materials that adsorb pollutants 

have been applied, including graphene-based catalysts [5], but the most widely utilized materials for 

pollutant removal are those involving cyclodextrins [6–10]. Cyclodextrin-based materials have been 

applied to the removal of a wide range of water pollutants, including pesticides and heavy metals [11], 

perfluoroalkyl compounds [12], and textile dyes [7,10,13–15]. In such applications, the cyclodextrin host 

molecules need to be tethered to some sort of material support, such as polymers [6,7,13] or magnetic 

nanoparticles [16], to allow for removal of the dye molecules and recovery of the adsorbent material. 

Magnetic nanoparticles have also been applied to other areas, including biomedical frontiers [17], protein 

immobilization [18], and MRI [19]. This paper provides a comprehensive review of the synthesis, the use, 

and the advantages of cyclodextrin-derivatized ferrimagnetic nanoparticles for the removal of textile dyes 

from natural waters. 

1.1. Textile Dyes: Their Use and Contamination of Natural Waters 

Dyes have been used to color clothing since ancient times [20]. One of the earliest dyes used is indigo, 

whose structure is shown in Figure 1a. Indigo, which in fact is the origin of the name of this vibrant color, 

is a natural dye that has been produced by various cultures around the world. It is a strong, deep blue dye 

with a multitude of uses. Methylene blue is an example of a highly used synthetic dye; its structure is shown 

in Figure 1b. Benkhaya et al. have provided a useful review on the classification, synthesis, and uses of 

textile dyes [21]. The wide range of natural and synthetic dyes can be categorized in different ways, such 

as based on functional groups or based on the method of application [21]. 

 

Figure 1. The chemical structure of three representative textile dyes: (a) indigo; (b) methylene blue; (c) basic orange 2. 
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All molecules that are useful as dyes have certain properties in common, including strong absorption 

in the visible region, resulting in bright colors from the transmitted light, chemical and photochemical 

stability, and the ability to bind onto materials. Alegbe et al. provide a practical definition of dyes, which 

is useful for the purposes of this review: “dyes can be defined as chromophoric substances with a capacity 

to interact chemically or physically with substrates, leading to selective absorption of specific wavelengths 

of light and resulting in a display of color” [20]. Since dyes work through light absorption, it is important 

to note that the color of the dye is a result of the part(s) of the visible spectrum which are not absorbed; a 

color wheel is useful for relating the absorption spectrum of dyes to their observed color. Textile dyes enter 

the environment in several ways, most predominantly through industrial effluents from factories producing 

the dyes as well as the dyed clothing. However, household washing of dyed clothes is also a significant 

source, as is the disposal of used clothing in landfills and other waste destinations. The latter source is 

exacerbated by the recent rise of “fast fashion”, the large-scale production of relatively cheap clothing 

which is poorly made and destined for rapid disintegration and disposal [22,23], significantly contributing 

to the sources of dyes into the environment Azo dyes, a common category of synthetic dyes, are known 

human carcinogens [2]. An example of a highly used azo dye that makes its way into natural water systems 

is basic orange 2, the chemical structure of which is shown in Figure 1c; the azo group (-N=N-) is readily 

apparent in the center of the molecule. Bazin et al. studied the estrogenic and anti-estrogenic activity of 23 

commercial textile dyes and found that around half of the azo dyes showed strong anti-estrogenic activity, 

and hence are potential endocrine-disrupting agents, which will negatively impact aquatic species such as 

fish [24]. In their 2023 review of the impact of textile dyes on human and ecosystem health, Islam et al. 

provide extensive tables of specific textile dyes and their specific human and aquatic species health impacts 

[1]. It is clear that textile dye pollution represents a massive and consequential threat to the environment. 

Dye-contaminated natural waters are challenging to remediate for a variety of reasons. Many dyes, 

particularly cationic ones such as methylene blue and basic orange 2 (see Figure 1), are highly water soluble. 

Dye-containing effluents are often a complex mixture of various dyes and other organic pollutants. Also, 

such effluents are often also contaminated with heavy metals [1]. The removal of such dyes requires an 

adsorbent material that can trap the dye molecules, then release them for capture. The adsorbent material 

needs to be able to be cycled many times, with minimal degradation, and recoverable from the water. Solid 

matrices such as polymeric materials are one solution. A more interesting group of materials is magnetic 

nanoparticles; once the dye molecules are trapped on the nanoparticles, they can be removed, recovered, 

and washed using a simple magnet. This approach consists of grafting cyclodextrin host molecules to the 

nanoparticle surface. The role of cyclodextrins as molecular hosts to trap dyes and the preparation of 

cyclodextrin-decorated magnetic nanoparticles will be introduced in the next two sections. 

1.2. Cyclodextrins as Hosts for Dye Inclusion 

Cyclodextrins (CDs), cyclic oligomers of glucopyranose, are by far the most utilized macrocyclic 

molecular hosts [25]. They are able to form supramolecular host-guest inclusion complexes with a wide 

range of neutral and ionic guest molecules, making them versatile and highly applicable hosts [26]. There 

is a long history of cyclodextrin use as host molecules, beginning with their first discovery in the 1890s 

[27]. They have found significant applications in a wide range of fields, including health, food, agriculture, 

and industry [28]. They have been applied in the development of magnetic solid phase extraction methods 

[29]. They have also played an important role in the textile industry itself, for example, as auxiliary agents 

in the dyeing process [30]. There are three commonly available native cyclodextrins, α-, β-, and γ-

cyclodextrin, containing 6, 7, or 8 glucopyranose monomers, respectively. However, the presence of 

hydroxyl groups (3 per glucopyranose unit) allows relatively easy derivatization of these native hosts, 

yielding a wide array of modified cyclodextrins available for use. Figure 2 shows the chemical structure of 
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modified β-cyclodextrin, where R is often an alkyl group such as methyl, and for native (unsubstituted) β-

cyclodextrin, R = H. 
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Figure 2. The chemical structure of modified β-cyclodextrin. 

Host-guest inclusion complexes occur in solution when a dissolved guest molecule becomes 

encapsulated within the internal cavity of a larger host molecule,, such as a cyclodextrin [31]. This inclusion 

within the host cavity results in significant changes to the guest properties, including solubility, stability, 

reactivity, and spectroscopic properties such as fluorescence intensity [31]. If the hosts are attached to a 

matrix, such as a polymer, is it possible to trap these guest molecules and thus remove them from a solution, 

such as polluted water? Alternatively, if the cyclodextrins are attached to magnetic nanoparticles, then once 

the guests are bound to the cyclodextrins, the loaded particles can be removed from the solutions using a 

magnet. This is the idea behind using cyclodextrin-derivatized ferrimagnetic nanoparticles to remove dye 

pollutants from textile-industry contaminated natural waters, which will be explored in Section 1.3. Before 

examining this approach in detail, it is first important to discuss the binding of dye molecules by free 

cyclodextrins in aqueous solution. The most important property describing the binding of a guest in a 

molecular host is the binding constant, sometimes referred to as the association constant, K. Assuming a 

1:1 host-guest binding complex, in which a single guest (G) becomes encapsulated within a single host (H), 

the binding process can be simply written as the following equilibrium: 

H + G ⇌ {H:G} (1) 

where {H:G} represents the host: guest complex. For such a simple 1:1 binding, K is given by the equation: 

K = [{H:G}]/[H][G] (2) 

K has a unit of M−1, and the stronger the binding, the higher the value of K. The magnitude of K is 

indicative of the Gibbs Energy change for the inclusion process, which has both enthalpic and entropic 

contributions [31]. This is often discussed in terms of the driving forces for inclusion. Such driving forces 

in aqueous solution include van der Waals interactions, hydrogen bonding, and the hydrophobic effect, and 

depend on the specific guest and host, their size and shape match, and electronic properties [31]. 

Various experimental techniques can be used to obtain the binding constant, with spectroscopic 

techniques being the most common. The extraction of the value of the binding constant K involves various 

data analysis techniques and has been discussed in detail in reference [31]. There have been a number of 

experimental studies on the binding of relevant dye molecules by cyclodextrins in aqueous solution, with a 

range of K values reported for different dye molecules. These studies will be reviewed in Section 3. 

  

https://doi.org/xxxx


Green Chem. Technol. 2026, 3(3), 10019. doi:10.70322/gct.2026.10019 5 of 39 

 

1.3. Magnetite Structure and Its Magnetic Properties 

Magnetite, Fe3O4, is the magnetic support used to immobilize cyclodextrins in the dyes remediation 

strategy. We will describe herein the physical origin of its magnetism property. This iron particle 

crystallizes in an inverse spinel structure (AB2O4), in the cubic Fd-3m space group, with A and B 

representing, respectively, tetrahedral and octahedral sites. The unit-cell (Figure 3) is formed of eight cubic 

units with a lattice parameter of 8.39 Å [32]. There are, in the unit cell, 64 tetrahedral sites (sites A) and 32 

octahedral sites (site B) with iron surrounded in each of them by oxygen atoms. Two cation sites are 

observed in the structure: Fe(III) occupies tetrahedral sites (8 per unit cell, which represents 1/8 of the 

tetrahedral sites), and Fe(III) and Fe(II), in equal amounts, occupy octahedral sites (16 per unit cell, which 

represents 1/4 of the octahedral sites for each of them). Magnetite’s unit cell can also be represented with 

the formula (Fe(III))8 [Fe(II, III)]16 O32 where the parentheses stand for tetrahedral sites and the brackets 

for octahedral sites. The high electrical conductivity observed in magnetite, in comparison to other 

ferrimagnetic oxides, can be explained by the rapid hopping of electrons between Fe(II) and Fe(III) ions in 

site B, through a direct double exchange interaction [33,34] (Figure 4a). The spin down electron can only 

hop from Fe(II)Oh to Fe(III)Oh if the majority spins are the same. Hence, they are coupled and aligned in 

parallel. The magnetic properties arise from the arrangement of the spins of Fe(III) in tetrahedral sites (sites 

A), which are antiparallel coupled with Fe(II) and Fe(III) from octahedral sites (sites B), the latter being 

much more numerous. This antiferromagnetically coupling generates, through a super-exchange effect 

(Figure 4b) via O(-II) anions (so not directed between two iron atoms), a ferrimagnetic material (Figure 5) 

with high saturation magnetization (Ms) and low coercivity (Hc). In this process, the spin-up 5d electrons 

in the Fe(III)Oh couple with the overlapping 2p orbitals in the O(-II), making them spin-down. The other 2p 

electron is thus spin-up, which makes the Fe(III)Td 5d electrons spin-down. Thus, Fe(III)Oh and Fe(III)Td 

are antiparallel and cancel out their unpaired spin magnetic moments. Therefore, all the Fe(II) cations 

contribute to the magnetic moment, while all the Fe(III) cancel each other. Additionally, magnetic particles 

with sizes less than 30 nm, with zero coercivity (the field required to bring the magnetism to zero) and zero 

remanence (residual magnetization) exhibit superparamagnetism. In other words, by applying an external 

magnetic field, they become magnetized up to their saturation magnetization, and after removal of this 

applied magnetic field, they do not retain any magnetism. Different from large magnets, these nanoparticles 

do not exhibit multiple magnetic domains, but rather, a single magnetic domain that acts as a “single super 

spin” that exhibits high magnetic susceptibility. These nanoparticles provide a stronger and more rapid 

magnetic response in comparison to that of bulk magnets, after application of a magnetic field. Thus, these 

properties facilitate the separation of the dyes immobilized on magnetite nanoparticles from liquid solutions 

using a magnet. 

 

Figure 3. Crystal structure of Fe3O4 Magnetite, with oxygen atoms in gray, Fe3+ ions in green (occupying the tetrahedral and 

octahedral sites) and Fe2+ ions in blue (occupying the octahedral sites). 
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Figure 4. The possible configuration of the Fe(II) and Fe(III) cations in the Oh and Td coordination in Fe3O4 in high spin. (a) 

Double exchange: hopping between the d-orbitals from Fe(II) and Fe(III) cations on the Oh sites ; spins are coupled and aligned 

in parallel. (b) Super exchange between Fe(III) Oh and Fe(III) Td cations. Fe(III) Oh and Fe(III) Td are antiparallel and cancel 

out their unpaired spin magnetic moments. Therefore, all the Fe(II) cations contribute to the magnetic moment, while all the 

Fe(III) cancel each other. Net magnetic moment expressed in Bohr magneton/f.u. (formula unit). 

 

Figure 5. Illustration of ferrimagnetic properties induced by the magnetic moments of an inorganic structure. Ferrimagnetic 

materials hold a spontaneous magnetization below the Curie temperature with spins which are aligned antiparallel but do not cancel. 

1.4. Ferrimagnetic Nanoparticles in Water Remediation 

Natural water remediation by magnetism involves adding a magnetic sorbent to a contaminated 

solution. After an appropriate mixing time, the pollutant is adsorbed by chemo- and/or physisorption onto 

the insoluble nanoparticles. The liquid/solid separation is possible by simple magnetization using an 

external magnet. The depolluted water is extracted, and the magnetic nanoparticle (MNP) is desorbed by a 

chemical treatment to release the pollutant in its concentrated form. Thus, the MNP is regenerated for a 

new remediation cycle. Compared to active charcoal or resin/membrane supports, such an easy and 

convenient extraction process avoids clogging of the pumps and the need for high pressure. Moreover, the 

low cost of magnetite materials and the recyclability of the support are two other advantages compared to 

the expensive synthesis of functionalized polymers or the high energy consuming synthesis of activated 

carbon. Lastly, the recyclability of the MNP limits the highly energetic incineration needed for the other 

two supports when they are saturated at the end of life. Consequently, the use of magnetic sorbents is time-

saving, cost-effective, and environmentally friendly. 
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Magnetite is well described as a good nano-adsorbent. This insoluble iron nanoparticle, Fe3O4, results 

from the combination of ferrous ions Fe2+ (1/3) and ferric ions Fe3+ (2/3), giving the formula 

Fe(II)Fe(III)2O4. The crystal stacking of these nanoparticles generates ferrimagnetic properties. Two 

approaches are possible to obtain magnetic nanoparticles (MNP) [35,36]. The first one is based on a 

physical process using raw materials (metals, oxides, ores), which are reduced to powder by grinding or 

laser ablation, and high polydispersity is observed. The second one is a chemical method starting from 

atoms, such as the most popular co-precipitation and the hydrothermal reactions. Co-precipitation involves 

simultaneously precipitating ferrous ions and ferric ions in the presence of an alkaline solution, according 

to the reaction. 

FeCl2 · 4H2O + 2FeCl3 · 6H2O + 8NH4OH →  Fe3O4 + 8NH4Cl + 20H2O (3) 

This method is widely used, and good high purity yields with accurate stoichiometric phases are 

obtained. The simplicity of implementation makes large-scale transfer possible. If the average size of 

nanoparticles between 1 and 100 nm can be controlled, the size distribution remains high. Moreover, the 

use of aqueous ammonia increases the risks for humans in case of industrial accidents. The use of weaker 

bases remains possible, but at the expense of the precipitation kinetics. The hydrothermal pathway is the 

oldest method of manufacturing magnetite. It requires the presence of iron salts in an aqueous medium; the 

solution is brought to high temperature (200–250 °C) in an autoclave maintained under high pressure (0.1 

MPa or atmospheric pressure at 14 MPa) for 24 to 72 h. When the supercritical conditions of water are 

reached, ferrous ions form intermediate hydroxides that can be transformed into iron oxide by dehydration. 

This way of synthesis requires expensive equipment, and the results are often not reproducible. 

Pure magnetite nanoparticles have some limitations for use because they tend to oxidize to maghemite 

(γ-Fe2O3) or even hematite (α-Fe2O3) in air and to agglomerate, leading to a decrease or complete loss of 

magnetic properties. This is the reason why it is often necessary to cover the magnetic core with a protective 

layer, called a coating, to ensure its stability over time. The main coatings described are based on organic 

or inorganic polymers, surfactants, or bio-based molecules such as silica [37,38], polydopamine [39], ionic 

liquids [40], and cyclodextrins. Depending on the required function of the strategy, the stability and the 

thickness of the coating can vary and reduce the magnetization properties of the nanoparticles [41]. As this 

review is focused on MNP functionalized by cyclodextrin (CD) scaffold, additionally, this synthesis step 

can be a way to introduce other chemical functions onto the Fe3O4 nucleus to improve the capture capacity 

of pollutants such as polymers [42], polysaccharides [43], ionic liquids [44], nanotubes [45], graphene oxide 

[46], and nanosponges [47]. Thus, decorated MNP@CDs have been used as adsorbents for heavy metals 

[48], radionuclides, pathogens, and organic pollutants such as polycyclic aromatic hydrocarbons (PAHs), 

aromatic amines, chlorophenols, bisphenol A, phenol and hydroquinone, phthalate esters, pesticides, etc. 

[9,11]. For instance, the capture of dye molecules has been reported using ligands that bind contaminants 

via coordination, acid-base reactions, or dipole-dipole interactions. This review aims to highlight the 

synergic effect of the use of magnetic nanoparticles functionalized with β-cyclodextrins to extract and 

concentrate dyes present in waste waters by simple magnetic filtration using additional host-guest 

supramolecular interactions. A few other reviews have been published in recent years that involve related 

topics, but are distinct in focus and content from this current review. Mishra et al. in 2021 reported water 

dye adsorption using nanomaterials and magnetic nanoparticles, and detailed isotherm modeling and kinetic 

studies, considering various factors such as pH, dye concentration, adsorbent amount, and temperature. 

Removal efficiency increases with adsorbent concentration but declines sharply with increasing pH [49]. 

Nojavan et al. reported the immobilization of CD onto different supports, such as graphene oxide, POSS, 

and MNP to produce nanosponges and hybrid substances for magnetic solid phase extraction (MSPE) of 

organic compounds and heavy metal ions from biological, environmental, and food samples [29]. Li et al. 

in 2024 published a review dedicated to the removal of contaminants such as dyes and metals by CD 
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adsorbents such as cross-linked polymers, nanosponges, fibres, membranes, graphene oxide, and TiO2 [9]. 

They used a statistical analysis by scrutinizing 2038 articles from 1993 to 2022 and did not focus the study 

on MNP@CD support. In contrast, this review will be focused on the published references on cyclodextrins 

and polymers of cyclodextrins with iron magnetic nanoparticles by detailing the possible chemical 

immobilization strategies and the capture capacities by families of dyes. It will be emphasized that these 

materials can be reused for another remediation cycle, leading to an economical circular process. 

2. Results: Immobilization of Cyclodextrins on Magnetic Nanoparticles 

We report herein five strategies to immobilize β-cyclodextrin macrocycles onto magnetic nanoparticles 

MNP@CD using weak to strong bindings. Hydroxyl groups present on the CD scaffold can chelate the iron 

core by coprecipitation, solvothermal reactions, polymerization, carboxylic acid coordination, and silica 

bonding. The adsorption/desorption mechanisms involved between charged organic dyes molecules and 

MNP@CD are multiple and include electrostatic interaction, hydrogen bonding, host-guest inclusion 

complexation, and ion exchange, leading to the enhancement of the adsorption capacity. Consequently, for 

accuracy, the term adsorption will refer to the process of immobilizing a dye onto a support material. It 

includes one or several mechanisms described previously, including physical adsorption. The MNP@CD 

are characterized by many complementary analysis such as Fourier transform infrared (FTIR) to validate 

the presence of chemical functionalization, zeta potential to determine the surface charge, X-ray diffraction 

(XRD) to evaluate the crystallinity, and dynamic light scattering (DLS) to measure the particle diameter. 

Electron microscopies are used to image the shape, size, and calculate the elemental composition; these 

include scanning electron microscopy (SEM), atomic force microscopy (AFM), and transmission electron 

microscopy (TEM). The magnetic properties of the synthesized MNP@CD are measured through a 

vibrating-sample magnetometer (VSM), and the performance of magnetic materials can be assessed by 

hysteresis loop determinations at ambient temperature. The hydrodynamic diameter was determined using 

dynamic light scattering experiments. For instance, by XPS the characteristic diffraction peaks of bare 

Fe3O4 at 2θ ≈ 32°, 37°, 43°, 53°, 57° and 63° correspond to a cubic spinel structure with (220), (311), (400), 

(422), (511) and (440) planes, respectively, and did not change with immobilization of CD onto the 

magnetic support. FTIR provides useful characterization information on MNPs at the various stages of 

synthesis. Characteristic IR bands from the literature are listed in Table 1 for MNP, coated MNPs, and 

MNP@CD. By FTIR, the absorption band related to the Fe–O–Fe vibrations is variable from 537 to 656 

cm−1. The presence of cyclodextrin on the iron nanoparticle can be observed with peaks at around 1025 and 

1161 cm−1 attributed to C–C/C–O conjugated stretching and the C–O–C antisymmetric glycosidic 

vibrations, respectively. The O–H stretching and C–H asymmetric vibrations appear as broad bands at 

3500–3300 and 2925 cm−1, respectively. There is a correlation between the ratio between iron and organic 

coating and the magnetic properties, with the presence of organic matter causing a decrease in saturation 

magnetization. However, even low magnetization values can produce efficient magnetic adsorbents to 

easily separate the nanoparticles from aqueous media. The use of an external magnet generates a fast 

aggregation and a rapid redispersion after shaking once the magnetic field is removed. TGA experiments 

on the adsorbents provide an estimate of the amount of β-CD coating on the iron NPs by monitoring the 

weight loss of the material. Total weight loss of bare Fe3O4 is about 2.4% due to the dehydration of the 

surface and loss of the absorbed water molecules at below 130 °C. Then, oxidation of Fe3O4 to Fe2O3 occurs 

at 130 °C and 215 °C. In the presence of MNP@CD, two weight loss steps appear of about a few % below 

200 °C due to adsorbed water evaporation or hydrogen-bonded water molecules. Then, a percentage of 

weight loss can be observed in the temperature range from 200 to 450 °C, attributed to the thermal 

decomposition of the β-CD layer and corresponding to the quantity of CD coating on the iron particles. 

Zeta potential measurements as a function of pH determine the charge on the magnetic nanoparticle surface 

and predict possible interactions with anionic or cationic dyes. The isoelectric point (IEP) or point of zero 
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charge pHzpc corresponds to the pH at which the net surface charge of a solid is equal to zero. This value is 

pHzpc: ≈6.5 for bare Fe3O4. 

Table 1. FTIR bands assignments of bare MNPs, coated MNP, MNP@β-CD, and polymer of β-CD MNP@P-CD reported in 

the literature. 

Support/Coating Wavenumber (cm−1) Functional Group Bond Type 

Bare Fe3O4  

MNP 

3142–3500  O–H H2O adsorbed stretching vibration  

1000–1600  O–H H2O bending vibration  

400–700  Fe–O asymmetric and symmetric stretching  

MNP@SiO2 

and 

silane 

1085–1100 Si–O–Si asymmetric stretching of the oxygen bridge 

990 Si–O–H stretching vibration of non-bridging oxygen in Si–OH or Si–O− 

800–810 Si–O–Si symmetric stretching of the oxygen bridge 

467  Si–O–Si oxygen bending 

MNP@MPS * 
1712 C=O ester groups on the surface from MPS 

1634  C=C C=C from MPS  

MNP@EPO ** 2852–2934 CH2, CH stretching  

MNP@SiO2@NH2 

or 

MNP@SiO2@PEI *** 

3400–3420 N–H symmetric and asymmetric stretching of the free NH2 groups 

2865, 2930 CH3, CH2, CH stretching 

1615–1630 N–H, C=N 
bending scissoring mode of NH2 

Stretching from C=N 

1421 N=N stretching of N=N from 5-amino-tetrazole 

875 N–H bending, NH2 and N–H wagging 

MNP@CD 

or 

MNP@P-CD 

3300–3500 O–H stretching of the O–H, H2O from CD or Fe2O3 

2865, 2930 CH3, CH2, CH stretching of C–H 

2243 C≡N stretching 

2115 Fe–C stretching 

1994 Fe–CO stretching 

1747–1685 C=O carboxylic, ester and/or ketone stretching  

1629–1661 O–H O–H bending 

1625–1640 N–H NH2 bending scissoring 

1623 COO–Fe COOH asymmetric stretching  

1615 C=O amide stretching  

1417–1460  CH2, CH3, O–H 
CH2, CH symmetric bending, scissoring 

O–H bending in plane 

1459 C–N quaternary ammonium stretching  

1310–1380 CH CH2 asymmetric vibration and O–H bending 

1100–1265 C–O–C C–O–C glycosidic stretching 

1020–1077 C–C/C–O C–C and C–O stretching vibration 

937–947 R-1,4-bond skeleton C–H vibration 

* MPS = (3-methacryloxypropyl)trimethoxysilane, ** EPO = (3-glycidyloxypropyl)trimethoxy silane, *** PEI = polyethylenimine. 

Table 2 provides a summary of the experimental methods and data used to characterize bare MNP, 

MNP coated with silica, silanes, amine, or β-CDs, MNP@CD, and polymer of β-CDs, MNP@P-CD. 
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Table 2. Different analytical strategies to characterize MNP and MNP@CD. 

Method MNP MNP@CD or MNP@P-CD 

XRD 

2θ—planes 

2θ = 30.2°, 35.6°, 43.2°, 53.7°, 57.2°, 62.9° 

(220) (311) (400) (422) (511) (440) 

Fe3O4 JCPDS card n°19-629 

Fe3O4 JCPDS card n°88-315 

Fe3O4 JCPDS card n°89-3854 

Inverse cubic spinel magnetite 

belonging to space group Fd-3m 

For 2θ = 18.8°, broad diffraction peak of β-CD 

No peaks (110) and (104) for 2θ = 21.228° or 33.158°  

No goethite (α-FeOOH) and hematite (α-Fe2O3)  

Broad featureless peak at low diffraction angle  

for amorphous SiO2 shell 

No change in crystal phase of MNP@P-CD  

12° to 26° broad peaks with amorphous polymeric layer 

With HP-β-CD, amorphous peaks in the range 10–15° and 15–25° 

Broad peak at 20–30° with polyurethane 

XPS 

Peak (eV)  

714.08—Fe 2p divided into 

727.9—Fe 2p1/2, 714.2—Fe 2p3/2 

529.36 O 1s 

710.86—Fe 2p divided into 

725.01—Fe 2p1/2, 711.5—Fe 2p3/2 

Peak (eV) 

284.8 C 1s divided into 

288.9 C=O–O− (carboxyl), 287.3 C=O (carbonyl) 

531.8 O 1s divided into 

536.8 O=C–O, 535.5 C–OH/C–O–C, 533.5 Fe–O–C 

New peaks at 400.3—N 1s, 689.88—F 1s 

399.5 N 1s, N=N- at the surface 

401, 402 N 1s, ammonium functional groups 

From the ether bonds between lignin and β-CD 

284.6 C 1s C–C/C=C/C–H 

From β-CD skeleton and lignin carbon ring structure 

531.42 O 1s divided into 

530.67 C=O, 531.9 C–OH/C–O–C, 284.69 C 1s C–C/C=C/C–H 

TGA 

<130–140 °C 

Weight loss: evaporation of residual water 

>130 °C sometimes weight gain: oxidation of 

Fe3O4 to Fe2O3.  

>200 °C loss of physically adsorbed OH 

groups or hydrogen-bonded water  

<200 °C: weight loss of residual water adsorbed to the surface,  

caged inside β-CD cavities, and solvents 

200–350 °C: weight loss of the linkage between MNP and β-CD 

350–500 °C: weight loss of β-CD and polymer layer 

690 °C: phase transition from Fe3O4 to FeO  

and deoxidation of FeO 

From the mass loss, the amount of β-CD anchored  

can be evaluated 

Zeta 

potential 
pHzpc ≈ 6.5 

If pH < pHzpc, surface charge is positive 

(protonation of MNPs, COOH groups, ammonium groups…) 

Favorable for adsorption of anionic dyes 

If pH > pHzpc, surface charge is negative 

Favorable for adsorption of cationic dyes 

VSM 

Size less than 30 nm with zero coercivity and 

zero remanence exhibits superparamagnetism 

Magnetic hysteresis loop 

(type S-like) 

Decrease of saturation magnetization  

due to non-magnetic materials at the surface 

When strong response to magnetic field, MNP@CD easily separated 

by an external magnet facilitating recoverability and reusability of 

the adsorbent after dye absorption 

TEM/DLS 

TEM in dried state 

DLS with water-swollen particles 

Values not comparable 

Particle size DLS > TEM 

There are two strategies to immobilize β-cyclodextrins or polymers of cyclodextrins on iron 

nanoparticles: the use of covalent or noncovalent bonding, as illustrated in Figure 6. The covalent routes 

require strong chemical reactions or conditions to substitute the hydroxyl groups on the surface of the 

material, such as with a silica coating, autoclave, plasma activations, or carboxylation reaction. The 

noncovalent route uses softer conditions and generates hydrogen bonding interactions between the entities. 
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Figure 6. Different methods for β-CDs and polymer of β-CDs immobilization on MNP. 

2.1. Covalent Strategies 

2.1.1. Coating of Silica 

The bonding between the Fe3O4 core and silane generates strong interactions and stable MNPs, which 

are particularly sensitive to extreme pH conditions. Indeed, at high acidic pH, MNPs tend to agglomerate 

and dissolve in the form of Fe2+, Fe3+, and oxonium ions [38]. The first layer is carried out following a 

method described by Stöber [50] in the presence of ethanol, an aqueous solution of ammonia, and the 

addition of tetraethyl orthosilicate (Si(OC2H5)4), TEOS [43]. 

Under these condition reactions, TEOS is hydrolyzed into orthosilicic acid Si(OH)4, which condenses 

onto the surface of iron nanoparticles bearing active hydroxyl functions, forming a protective layer of SiO2 

(Scheme 1). The TEOS being used in excess, some Si(OH)4 molecules condense together, leading to single 

silica SiO2 particles. This secondary reaction can be controlled by a slow addition of TEOS and washing 

treatments. Yilmaz et al. [51] first reported in 2013 the immobilization of cyclodextrin in one step from the 

MNP using a combination of TEOS reagent and a reactive synthesized 3-(2,3-

epoxypropoxy)propyl]trimethoxysilylated β-CD (CD-Si(OEt)3) (Table 3, Entry 1). The pure Fe3O4 MNPs 

were obtained by using a solution of Fe2+ and Fe3+ in the presence of sodium dodecyl sulfate in xylene and 

NH3 reagent. The diameter of the particle slightly increased from 4 ± 2 nm for pure Fe3O4 to 7 ± 2 nm for 

MNP@CD. The spinel crystal structure and presence of aggregate were confirmed. Du et al. in 2015 [52] 

obtained a similar MNP@CD structure in two steps of synthesis, with firstly, the coating of Fe3O4 obtained 

by co-precipitation under hydrothermal conditions, with TEOS using the sol-gel Stöber method, followed 

by the grafting of CD-Si(OEt)3 in the presence of ammonia (Table 3, Entry 1). The TEM image showed an 

evolution of the particle diameter from 10 nm to 250 nm with smoother surfaces, with a shell thickness of 

about 90 nm. The XRD pattern of MNP@TEOS core–shell nanoparticles revealed an amorphous state. The 

magnetic properties are reported, and superparamagnetism, low coercivity, and no hysteresis were observed. 

The saturation magnetization values for Fe3O4 nanoparticles and MNP@CD were 83.24 and 29.53 emu/g, 

respectively, validating the formation of the coating and possible magnetic solid/liquid separation. In 2016, 

Wang et al. [53] replaced the TEOS reagent by amino silane coating using (3-aminopropyl)triethoxysilane 
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(APTES), leading to a functionalized silica layer (Table 3, Entry 2). The reactive 6-O-toluenesulfonyl-β-

cyclodextrin was added to get the magnetic nanocarrier. For each step, the thermogravimetric analysis was 

performed, leading to a loss of water, then a decomposition of the amino linker and CD (Figure 7a). 

 

Scheme 1. Coating of silica using TEOS reagent on MNP. 

 

Figure 7. (a) FT-IR Spectra of β-CD, MNP, MNP@APTES, and MNP@CD; (b) TGA curves of MNP, MNP@APTES, 

MNP@CD; (c) TEM image of MNP (A) and of MNP@CD (B); (d) Magnetization curves of MNP, MNP@APTES, MNP@CD 

measured by vibrating sample magnetometer at room temperature; Pictures of MNP in the absence (left) and the presence (right) 

of an external magnetic field. Reproduced with permission from L. Wang, 2016 [53]. 

From the mass loss, the amount of β-CD anchored on the MNPs surface was estimated to be ~6 mass % 

corresponding to 60 mg/g of MNP. The hydrodynamic diameter of MNP@CD in aqueous solution, 

estimated at 56 nm was measured by transmission electron microscopy and dynamic Light Scattering (DLS), 

with each step increasing the thickness of the particles (Figure 7b). The functionalization did not modify 

the solid state. The magnetic properties were studied by a vibrating sample magnetometer as shown in 

Figure 7c. No hysteresis was observed with zero remanence, and coercivity indicated nanoparticles with a 

single domain. A decrease of the magnetization saturation value (Ms) of 62, 59, and 51 emu/g was observed 

with the increase of the layer thickness. Such a final value is still efficient enough to manage the magnetic 

solid/liquid separation. Interestingly, the authors reported an in vitro cytotoxicity study of MNP@CD on 

human hepatoblastoma HepG2 Cells and the viability observed proved the non-toxic effect of the 

functionalized nanoparticle. Another coating of MNP obtained by coprecipitation was reported in two steps 
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by Heidari in 2018 [54] (Table 3, Entry 3). Stöber’s method was applied using 3-

methacryloxypropyltrimethoxysilane (MPS) as a silane coupling agent to improve the stability and prevent 

the aggregation phenomena. The last step was a polymerization reaction between the immobilized acrylate 

function and a cyclodextrin acrylate and N-isopropylacrylamide as monomers, a radical initiator (AIBN), 

and N,N-methylenebis(acrylamide) as crosslinker. The thermoresponsive-magnetic molecularly imprinted 

polymer nanocomposite obtained was characterized using SEM, FT-IR, XRD, and TGA experiments. The 

presence of two ester and amide bands in FT-IR confirmed the successful polymerization onto the surface. 

The XRD patterns of the MNP@P-CD indicated the amorphous polymeric layer and an unchanged 

crystallography pattern. The thermogram profile showed the water elimination loss, the decomposition of 

the nanocomposite, and the reticulation linker. The morphology by SEM/EDS analysis revealed an 

evolution of the size of the MNP from 15 nm to 30 nm in thickness of the silica coating. The spherical final 

compound was reported to have a diameter of 130–150 nm. While the magnetic behavior was modified by 

the presence of the polymer around the iron core, and only 4 emu/g was measured, the author confirmed 

that the material could be easily dispersed with the help of an external magnet. Finally, the phase transition 

behavior of MNP@P-CD nanocomposite was studied by the dynamic light scattering (DLS) technique. A 

variation of the hydrodynamic diameter from 151 nm to 115 nm was observed at 34 °C due to a swelling 

process by water adsorption, hydrogen interactions, and conformation changes in the polymer. 

Aberoomand-Azar, in 2020, Ref. [55] reported a magnetic solid phase extraction based on poly(β-

cyclodextrin-ester). Magnetic nanoparticles were obtained under pression using a Teflon lined stainless-

steel autoclave in the presence of PEG and ethylene glycol (EG) and sodium acetate (ACNa) at 200 °C for 

16 h (Table 3, Entry 4). A first coating was applied using TEOS reagent under basic conditions. The next 

functionalization occurred via the addition of (3-glycidyloxypropyl)trimethoxy silane (EPO), leading to 

epoxy reactive function ready to be grafted to a poly(β-cyclodextrin-ester) obtained from benzophenone 

tetracarboxylic dianhydride reagent. For each step, new FTIR bands were observed, such as the Fe–O band 

at 625–633 cm−1, Si–O–Si stretching vibration at 1000–1100 cm−1 from silica coated Fe3O4, EPO C–H 

bond at 2852 and 2934 cm−1, carbonyl groups of the ester and ketone groups of P-CD at 1656 and 1718 

cm−1. MNP@SiO2@P-CD has a uniform size distribution and nearly spherical shape with an average size 

around 40–50 nm. At pH 5, the carboxylic groups of MNP-CDP, being ionized, interacted with the cationic 

dyes malachite green and crystal violet via electrostatic interactions. At low pH, hydrogen bonding 

interactions occurred between the nitrogen atom of the dyes and the carboxylic groups of the adsorbent. In 

addition, the formation of host-guest inclusion complexes also enhanced the extraction process. 

Table 3. A summary of MNP@CDs prepared via a coating of silica. 

Entry Synthetic Scheme Dye/Use Ref. 

1 

 

Direct blue 15 

Evans blue 

Chicago sky blue 

[51] 

Chemosensor of Cu2+ 

and other ions Host-

guest inclusion 

complex with 

adamantane-modified 

salicylrhodamine B 

[52] 
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2 

 

Methylene blue 

Adsorption pH 8  

at 25 °C 

 

Desorption pH 7.4  

at 37 °C 

[53] 

3 

 

Curcumin 

Adsorption 

Methanol/acetic acid 

9:1 

 

Desorption pH 7.4 

Phosphate 

buffer/DMSO 9:1 

at 25 °C and 38 °C 

[54] 

4 

 

Malachite green 

Crystal violet 

 

Desorption 

Methanol-acetic acid 

(95:5 v/v) 

[55] 

2.1.2. Coupling Reactions 

A maleic anhydride copolymer of β-CD was also immobilized on iron oxide nanoparticles by Jadeja et 

al., in 2019, Ref. [56] using coupling reagents such as N,N′-dicyclohexylcarbodiimide (DCC) and 4-

dimethylaminopyridine (DMAP) as a catalyst (Table 4, Entry 1). The MNP was coated by the formation of 

ester covalent linkages between the hydroxyl groups on the Fe3O4 surface, which react with the acid 

carboxylic free function on the polymer of cyclodextrins P-CD. The XRD diffractogram proved that the 

incorporation of a polymer layer did not change the crystal phase of the particles. The high-resolution 

transmission electron microscopy (HR-TEM) images showed nanosized aggregates having a size range of 

20−30 nm for the iron core. The layer of MNP@CD appeared as a light field contrast with spherical 

monodispersed particles with a size distribution of 50−60 nm. The performance of magnetic materials 

shows a decrease of magnetization of 10 emu/g. A specific surface area of 40 cm2/g and total pore volume 

14.96 cm3/g were measured by BET analysis, whose isotherm shape belongs to type II among IUPAC 

classification, suggesting that these particles are mostly nonporous or macroporous and revealing possible 

physisorption or monolayer adsorption. In 2010, Uddin et al. [57] introduced covalently carboxymethyl-β-

CD directly onto hydroxyl groups of iron nanoparticles, obtained from a chemical co-precipitation method 
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via carbodiimide (Table 4, Entry 2). The grafting was confirmed by FTIR with characteristic peaks at 945, 

1030, 1157, and 1704 cm−1 and TGA (4.7 wt%). A mean diameter of 12 nm after β-CD immobilization and 

a hydrodynamic diameter of 28 nm were observed. The saturation magnetization value (Ms) decreased 

from 75 to 68 emu/g. The zeta potential study was performed at different pH. The isoelectric point (pI) 

shifted from 6.78 for the crude Fe3O4 to 5.9 for MNP@CD, meaning that the particle is positively charged 

at pH < 5.9. Two adsorbents with 4.7 wt% and 12 wt% in carboxymethyl-β-CD were tested for the 

adsorption of methylene blue. At pH 8 and 12, the support with the higher grafting rate adsorbed 

approximately twice as much of the dye. At low pH, methylene blue molecules compete with oxonium ions 

which generates low adsorption. Between pH 4 and 10, hydrophilic and hydrophobic groups are present in 

the dye, increasing adsorption. 

Table 4. A summary of MNP-CDs prepared via coupling reactions. 

Entry Synthetic Scheme Dye/Use Ref. 

1 

 

Malachite green 

Methylene blue 

Rhodamine 6G 

 

Desorption 

Ethanol-water 1:1 

and water 

[56] 

2 

 

Methylene blue 

 

Desorption in methanol acetic acid 

(0–5%)  

or under acidic 

pH (<3) 

[57] 

2.1.3. Autoclave and Plasma Activations 

Plasma treatment was used by Wang et al. [58] to graft CD onto MNPs by solvothermal technic based 

on the use of a stainless-steel autoclave at high pressure and temperature, in the presence of trisodium citrate, 

sodium acetate, and PEG (Table 5, Entry 1). Plasma activation is a green alternative to chemical strategy. 

However, various parameters have to be optimized to reach an efficient coating, such as the input N2 gas to 

obtain the plasma state or the current strength of the voltage applied. The formation of highly reactive free 

radicals occurs, and rearrangement between hydroxyl functions on the cyclodextrin crown generates 

covalent and random bonds on the surface of the particle. Monodisperse uniform magnetic microspheres 

with a similar diameter of 200 nm and a similar crystal structure have been observed by TEM, SEM, and 

XRD before and after plasma treatment. No cyclodextrin layer was observed due to a low grafting rate of 

around 6.84% determined by TGA analysis. Moreover, a decrease in the saturation magnetization of the 

naked Fe3O4 particles occurred from 74.9 to 62.1 emu/g, attributed to the presence of the nonmagnetic β-

CD coating, allowing the use of a low external magnetic field for the extraction step. The specific surface 

areas were enhanced from 18.84 to 25.67 m2/g. The zeta potential study in function of surface pH showed 

that the isoelectric point (IEP) drastically shifted from 6.6 to 3.9, indicating a positively charged particle at 

this pH. The adsorption of naphthylamine was tested on three MNP@CD containing 2.50% wt, 6.84% wt, 

and 9.32% wt of β-CD at pH 6.5. The adsorption capacities increased as the content of β-CD increases. The 

adsorption of 1-naphthylamine is dependent on pH, the mechanism being a compromise between 

electrostatic and hydrophobic interactions with the surface. In 2019, Pan et al. [59] introduced a 
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polyethyleneimine bi-functionalized magnetic nanoadsorbent using an optimized solvothermal method in 

a teflon-lined autoclave in the presence of a diamine (Table 5, Entry 2). Polyethylenimine (PEI) is a water-

soluble polymer that can chelate cationic metals thanks to its amino groups and anionic pollutants at acidic 

pH conditions. The combination between PEI and CD reinforces its capture properties. PEI was 

immobilized via imine functions by addition of glutaraldehyde crosslinker. The final nanohybrid particle 

was obtained using 6-monosuccinyl-β-CD in the presence of amidation coupling reagents. The various 

steps were followed by FT-IR experiments, and a strong peak at around 1640 cm−1 was attributed to 

characteristic amide function absorption. No aggregation was observed by SEM. PEI coating increased the 

size of the particles from 50 to 150 nm, but the presence of CD did not result in any structural change. The 

saturation magnetization value decreased from 81.3 for the crude MNP to 60.3 emu/g for the hybrid 

bicomposite, respectively. The introduction of CD on MNP@PEI generates a decrease in BET from 19.787 

to 17.514 m2/g. Finally, TGA curves could be interpreted into four reaction steps for all the samples. A 

weight loss of about 3.5 wt% observed by thermal decomposition for MNP@PEI@CD is evidence of the 

presence of covalent links between MNP and the macrocycle. The authors concluded that electrostatic 

attraction between positively charged amino groups of PEI and negatively charged sulfonate of methyl 

orange played a dominant role in the uptake of this dye by the adsorbent in a broad pH range. Effectively, 

at pH 6–9, the low surface adsorption via electrostatic interactions is compensated by host-guest complex 

formation, resulting in a constant adsorption in this pH range. In addition, hydrogen bond interactions 

between hydroxyl groups of β-CD and the dye were also involved in the uptake process. The same year 

Zhou et al. [60] described the synthesis of magnetic nanospheres functionalized by β-cyclodextrin polymer. 

The direct solvothermal method was applied to obtain MNP@CD from FeCl3 in the presence of sodium 

acetate and ethylene glycol solution and β-CD (Table 5, Entry 3). A second autoclave reaction was 

performed using tetrafluoroterephthalonitrile monomer and carboxymethyl-β-CD under hydrothermal 

conditions reaction. The high temperature and high pressure applied improve the radical polymerization 

reaction, which occurs via nucleophilic aromatic substitution of the fluorine on the benzene ring by the 

hydroxyl groups of the macrocycles. Both monomer and cyclodextrin play a role in the remediation strategy. 

The MNP@P-CD can be observed as a uniformly spherical porous morphology surface by SEM. The 

thickness of the layer was estimated to be around 20 nm after the polymerization reaction. The presence of 

Fe, C, N, O, and F atoms was quantified by HAADF-STEM and confirms the final structure. The spinel 

structure of the magnetic core remains stable after the autoclave treatment. In IR spectra, the cyanoaromatic 

groups exhibit absorbance at 1648 and 1443 cm−1 and the C–F stretching vibration at 1267 cm−1. The 

thermogravimetric analysis of the nanospheres showed a weight loss of 8.6% of the initial weight, attributed 

to the grafting of β-CD, and a loss of 28.5%, assigned to the polymer coating. Polymerization has a greater 

impact on the material’s magnetic properties. Indeed, the Ms decreases from 70.2 to 44.8 emu/g. 

Consequently, the MNP@P-CD can be segregated from the solution under an external magnetic field after 

several minutes. XPS spectra revealed the presence of a carboxylate peak at 288.9 eV and Fe–O–C peak 

533.5 eV illustrating the interaction between the carboxymethyl-β-CD polymer and the hydroxyl group of 

the surface of the metal. Finally, BET characterization and N2 adsorption desorption isotherms showed a 

surface area of 44.44 and 70.63 m2/g, for MNP@CD and MNP@P-CD, respectively; a larger surface 

meaning larger adsorption capacity. The pore size was estimated at 5.59 nm, large enough to encapsulate 

an organic pollutant. The adsorption mechanism of methylene blue on MNP@P-CD is summarized by the 

authors in a well-described scheme with host-guest complex interaction, hydrogen bonding, and π-π 

interactions. In 2025, Bakshi et al. [61] functionalized iron oxide nanoparticles with β-CD using surfactants 

to enhance the interactions on the interface solid/liquid by self-association (Table 5, Entry 4). Two polar 

chains were tested hexamethylenebis(hexadecyldimethylammonium bromide) (16–6–16) and tris(2-(N-

dodecyl N,N-dimethylammonio)ethylamine)tribromide (TriCAT). Hydrothermal method was performed in 

presence of β-CD and surfactants. Ionic interactions and covalent bonding occur between the iron core and 
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hydroxyl functions of the macrocycle and the positive charges of the surfactant, respectively. The authors 

have studied the adsorption of many aromatic dyes and have underlined the presence of van der Waals-like 

attractive forces between the dye molecules, leading to self-association and reducing host–guest 

interactions with the CD cavities. Consequently, the extraction of dyes is low in neutral water, when the 

self-association is at a maximum. Adsorption is highly facilitated at highly acidic and/or basic pH. Under 

these conditions, an ionization of the dye molecules occurs, generating a surface activity which drives a 

solid-liquid interfacial adsorption on MNP. At the interface, the aromatic moieties of the dye molecule find 

the CD cavity as an ideal host providing anchoring and extraction. 

Table 5. A summary of MNP-CDs prepared via autoclave and plasma activations. 

Entry Synthetic Scheme Dye/Use Ref. 

1 

 

Metal ions 

Cu(II)  

1-naphtylamine 

[58] 

2 

 

Methyl orange 

Pb(II) 

Desorption in basic 

and acidic pH, 

methanol 

[59] 

3 

 

Methylene blue 

Absorption  

pH: 3–11 

 

Desorption 

ethanol solution 

containing 5% (v/v) 

acetic acid 

[60] 

4 

 

Red 40 

Yellow 5 

Yellow 6 

Blue 1 

[61] 
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2.1.4. Carboxylate Bonding 

Many MNP@CD composites are based on the use of carboxymethyl-β-cyclodextrin using the chemical 

co-precipitation method [62] (Table 6, Entry 1). The properties of magnetic nanoparticles were measured 

using powder X-ray diffraction (PXRD), zeta potential analysis, and magnetization measurements. BET 

experiments revealed specific surface areas of 64.5 and 60.4 m2/g for Fe3O4 and coated MNP, respectively, 

with the same crystalline phase structure. Zero-point charge values decrease for the composite (4.0 vs. 6.5) 

due to the presence of hydroxyl and carboxymethyl function. In the same way, the saturation magnetization 

values change from 75.0 to 56.5 emu/g, respectively, which correspond to a mass fraction of 24.6% 

cyclodextrins. A stability study was performed in the pH range of 2–10. At pH 2, a higher Fe atom is 

released in the absence of coating (35%), and no release is observed at pH 8. For MNP@CD the proportion 

of leached Fe is 4% at pH 2.0 to zero at pH 6.0. Consequently, the layer of CD improves the pH stability 

of the particles. Basic blue 3 (cationic dye) adsorption studies on magnetic materials suggest that 

chemisorption rather than diffusion was the predominant driving force. Faramarzi et al. [63] in 2017 

developed a magnetic β-cyclodextrin-anhydride polymer nano-adsorbent (Table 6, Entry 2). An iron oxide 

core was prepared using the co-precipitation method in an alkaline medium. A polymerization reaction 

occurred with β-CD using succinic and dicarboxylic anhydrides (Epiclon B-4400) in the presence of NaH. 

The link between the MNP and the polymer is based on a bidentate complex between the iron metal and 

the carboxylate function formed after opening of the anhydride cycles. The adsorbents were characterized 

by FTIR, XRD, SEM, TGA, and VSM analysis. A characteristic band at 1740 cm−1 is assigned to the C=O 

asymmetric stretching vibration of the ester groups proving the presence of polymer structure. The 

synthesized MNP@P-CD retained the Fe3O4 spinel structure and had a uniform size and shape, with a 

diameter of around 40 nm. At each step, the saturation magnetization decreases from 69, 38, and 20 emu/g 

attesting the presence of non-magnetic coating. TGA and FTIR analysis confirmed the successful synthesis. 

A weight loss of 2.5% within the temperature range from 200 to 450 °C was related to decomposition of β-

CD layer corresponding to 2.5–10 wt%. The surface charge was altered at the isoelectric pH of 5.6, 

indicating the presence of a positive charge at this pH. Consequently, alkaline conditions will favor the 

adsorption of cationic dyes. In this work, the authors propose two mechanisms responsible for dye 

adsorption: electrostatic attraction and host-guest inclusion complex formation. For the rhodamine B, the 

dominant mechanism could be the electrostatic attraction of the positively charged dye molecules and the 

negative sites of the adsorbent (e.g., hydroxyl groups), which was confirmed by a pH study. Nevertheless, 

rhodamine B has a bigger size than methylene blue and cannot be included into the β-CD cavity. The same 

year, Luo et al. [64] immobilized cationic polymer of β-cyclodextrin on magnetic nanoparticles as nano-

adsorbents from β-CD, succinic anhydride, and 2,3-glycidyltrimethylammonium chloride (Table 6, Entry 

3). MNP was synthesized by co-precipitation, with an excess of ammonia at pH 10–11. The reaction 

occurred in two steps, the first is the ring opening polymerization of anhydride and β-CD via esterification 

reaction. Then, the addition of ammonium epoxide under basic conditions leads to etherification of the 

hydroxyl of the macrocycle. The residual acid carboxylic functions interact with hydroxyl groups, enrobing 

the surface of the iron core and forming a cross linked organic layer. FTIR, X-ray diffraction, contact angle, 

SEM, BET, VSM, and zeta potential analysis were performed to confirm the modified structure. In infrared 

spectra, the stretching vibration peaks at 1459 cm−1 and 1710 cm−1 related to C–N and C=O bands, 

confirmed the presence of crosslinker. The peaks at 1623 and 1401 cm−1 attest the formation of carboxylate-

Fe binding. The XRD experiment confirmed the stable single-phase cubic-structure of Fe3O4 after 

functionalization with crystal diameters of the MNP and MNP@P-CD of 24 nm and 66 nm, respectively, 

decreasing the high surface energy of the MNP, and enhancing the dispersion properties due to the 

adsorption of the polymer into the active sites of the MNP. For this purpose, a contact angle solid/liquid 

experiment was performed to study the wettability and the free energy of the solid surface. This result (less 
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than 90°) indicated that the MNP@P-CD has a hydrophilic surface and would be dispersed in dyes solution. 

VSM analysis indicated a decrease in magnetization strength from 62.3 to 54.7 emu/g. This strong 

magnetism property allows for an excellent separation phase process. The isoelectric point of the MNP@P-

CD was calculated at 7.48. Consequently, at lower pH, a protonation of the acid and amino functions will 

occur. In 2020, other composite was obtained using tetrafluoroterephthalonitrile cross-linked β-

cyclodextrin previously obtained by polymerization and carboxylation reactions (Table 6, Entry 4) [65]. 

The formation of the Fe3O4 core was performed in situ by co-precipitation in the presence of polymers of 

cyclodextrins under basic conditions. The iron core was coated by the carboxylate functions. Here again, 

the synergistic effect of the presence of CD cavity, π-stacking and ionic interactions enhanced the 

adsorption properties. The strategy aims to increase the number of carboxylate sites to enhance the 

interaction with the metallic nanoparticles and to endow a negative charge surface to absorb cationic dye. 

The decrease of BET surface area highlights that the polymer of CD obstructs the iron nanopore. The SEM 

and 2D EDS mapping studies measured a ratio of 0.6Fe-0.96β-CD, and poorer crystal structures were 

observed. The XPS experiment confirmed the presence of many carboxylate groups due to the existence of 

Na peak. The zeta potentials of the polymer of CD and MNP@P-CD were determined at −30.8 and −27.6 

mV, respectively, proving the presence of anionic groups and illustrating the influence of the iron core. The 

layer of nonmagnetic polymer decreases the magnetic properties of the MNP@P-CD as 92 vs. 16.6 emu/g 

was measured. Li et al. published, in 2020 [66], a green synthesis of a magnetic β-cyclodextrin polymer for 

rapid removal of organic micro-pollutants and heavy metals from dyeing wastewater (Table 6, Entry 5). 

The composite with many macro- and ultramicropores in the aqueous phase was obtained from a 

carboxymethylated β-CD-based polymer, which was obtained by polymerization reaction using 

epichlorohydrin, and tetrafluoroterephthalonitrile used as flexible and rigid crosslinker, respectively. The 

MNP@P-CD was synthesized in one pot by the co-precipitation method from iron salts in an ammonia 

medium by forming a strong bonding between the carboxylate ligand and the iron metal. Such interaction 

was observed in the FTIR spectrum with an absorbance at 1684 cm−1 related to C=O stretch vibration, in 

parallel, the characteristic band of Fe–O at 586 cm−1 of Fe3O4 shifted to 582 cm−1 after coating. Similarly, 

the XRD spectrum of the MNP@P-CD remains the cubic spinel structure of the Fe3O4 with a saturation 

magnetic susceptibility at 53 emu/g. Consequently, a quick aggregation phenomenon can occur, facilitating 

the phase separation under an external magnetic field. From the thermal mass loss experiment, the content 

of the organic layer was estimated at 20.37%, and the isoelectric point decreases from pH = 6.8 for the iron 

oxide precursor to 4.37 for the embedding MNP, attesting to the presence of negatively charged carboxyl 

groups on the surface. Sorption of bisphenol A, basic orange 2, rhodamine B, and methylene blue on the 

MNP@P-CD support was dominated by chemisorption. For bisphenol A, an inclusion complex may be 

formed with a cyclodextrin cavity, while the adsorption of rhodamine B and methylene blue may be related 

to the electronegativity of the –COOH groups on the surface of the magnetic support. The adsorption of 

basic orange 2 is based on the hydrophobic cavity and the –COOH group electronegativity of MNP@P-

CD. Sun et al. reported recyclable magnetic microspheres obtained from ionic MNP in basic conditions in 

presence of β-CD, epichlorhydrin monomer (EPI), non ionic surfactant sorbitan monooleate (Span 89), and 

another detergent (Tween 20 Kerosene) (Table 6, Entry 6) [67]. The authors reported that basic fuchsin 

adsorption isotherms were indicative of chemisorption, reflecting strong electrostatic interactions between 

the cationic dye and the MNP@CD. The iron core was synthesized by co-precipitation of sodium citrate, 

leading to carboxylate charges on the surface of the nanoparticles. Thus, the synergic cationic interactions 

and formation of host-guest inclusion complexes improved the pollutant capture strategy. The structure and 

morphology were studied by FT-IR, XRD, SEM. In XRD patterns, a broad diffraction peak of the 

macrocycle appears near 18.8°. SEM images show spherical particles of uniform size with a particle size 

of about 45 μm. In 2023, Akbari et al. [68] published an easily recoverable nanoadsorbent based on N-

heterocyclic copper(II) complex immobilized on the β-cyclodextrin-modified Fe3O4 nanoparticles (Table 
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6, Entry 7). This hybrid material was used for the catalytic reduction of toxic dyes in wastewater via wet-

chemical method. The Fe3O4 nanoparticles was obtained using Fe2+ and Fe3+ under microwaves activation. 

A polymer of carboxymethyl-β-CD has been produced using epichlorydrin cross linker. The MNP was 

embedded under basic conditions with the CD-polymer, and the metallic surface was coated by the addition 

of (3-chloropropyl)trimethoxysilane. Then, 5-amino-1-tetrazole was introduced by nucleophilic 

substitution, and the copper ion was chelated by the immobilized aromatic ligand. Several characterization 

techniques including FT-IR, TGA analysis, FE-SEM/EDX, TEM, X-Ray diffraction patterns (XRD) 

measurements, were employed to investigate the structural properties of the synthesized material. The 

stretching vibration of N=N bonds was observed at 1421 cm−1. The structure of cubic spinel in Fe3O4 and 

the crystal planes in Cu with homogeneous spherical core–shell distribution were confirmed. An EDX 

mapping element confirmed the presence of Cu atom with 5.24% of weight. The saturation magnetization 

value was determined at 16 emu/g due to the coating of polymer of CD around the iron oxide Fe3O4 

nanoparticles initially at 92 emu/g. Multistep endothermic thermal decompositions were observed by TGA 

within 250–850 °C, attributable to organic components on the surface. Quaternary ammonium groups 

immobilized on porous magnetic cyclodextrin polymers was synthesized in 2023 by Cheng et al. [69] to 

adsorb anionic dyes (Table 6, Entry 8). The iron core was coated with sodium citrate via autoclave 

activation, leading to strong interactions between carboxylate, alcohol, and hydroxyl groups on the metal 

surface. Copolymerization occurred between perfluorodicyanobenzene monomer, β-CD and functionalized 

MNP generated a embedding layer. In a second step, the secondary alcohol function at O2 position of β-CD 

crown was substituted by two quaternary ammonium propyloxy moieties with methyl and hexadecyl carbon 

chains, respectively. A positively charged final material MNP@P-CD@NR3
+ was obtained enhancing the 

adsorption capacity through ionic interactions and host-guest complexation mechanisms. Moreover, 

ammonium groups bearing long carbon chains (C16) generate antibacterial properties due to interactions 

with the hydrophilic membranes leading to cells apoptosis. The experiment was performed on 

Staphylococcus aureus in water, and the efficiency was demonstrated. Peaks corresponding to CD and 

aromatic functions were assigned by infrared spectra. Ammonium C–N stretching vibration appeared at 

1678 cm−1 and the CH2 tensile vibration of the hexadecyl chain at 2923 cm−1. The thermogravimetric 

analysis indicated that the final MNP maintains its thermal stability up to 270 °C with a faster mass loss for 

the quaternary ammonium surface-modified. The cyclodextrin content reported was 17.348%, 17.472%, 

and 25.447% for MNP@P-CD, MNP@PCD@NR3
+ with short and long chains, respectively. Negative 

potential was observed for MNP@P-CD, and the positive charged was confirmed in the presence of 

ammonium salt. The low saturation magnetization values of 13.76 and 15.17 emu/g were reported for short 

and long ammonium chains, respectively. The particles were spherical with diameters of 200 to 600 nm 

and specific surface areas calculated for MNP@P-CD and short and long ammonium chains, respectively, 

were estimated at 107.482, 31.759, and 9676 m2/g, respectively, with average pore diameters at 4679, 5736, 

and 9146 nm. The adsorption capacity of two anionic dyes was studied: orange G and methylene blue. The 

introduction of quaternary ammonium generates a positively charged support, favoring electrostatic 

interactions that are combined with host-guest interactions within the β-CD cavity. In addition, the 

introduction of hexadecyl chains further produce hydrophobic interactions as observed in the case of 

bisphenol A adsorption, a neutral dye. In 2025, Arami-Niya et al. [70,71] reported two publications in 

which they described the fabrication of β-cyclodextrin/magnetic lignin adsorbents using carboxylic acids 

cross-linkers (Table 6, Entry 9). The iron chloride hexahydrate and iron sulfate heptahydrate were treated 

with lignin in presence of ammonia solution (28 wt%). The phenolic groups of lignin interact with hydroxyl 

groups of ion core leading to a green coating. The β-cyclodextrin were immobilized on the magnetic 

nanoparticles thanks to an esterification reaction with carboxylic acids in excess of potassium dihydrogen 

phosphate. Three biobased crosslinkers were tested citric, tartaric, and malic acids to study the influence of 

geometry and the steric hindrance of the reagents on the capture efficiency of the final network magnetic 
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polymer. Indeed, the use of polycarboxylic reagents form high stable cross-linking networks with multiple 

reactive sites. The strategy aimed to combine cyclodextrin/kraft lignin/carboxylic acid moieties to enhance 

aromatic dyes magnetic extraction rate thanks to host-guest complexation, π-π stacking, electrostatic 

interactions, and hydrogen bonding. The adsorbents were characterized using various analytical techniques, 

including X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), field-emission 

scanning electron microscopy (FESEM), and a vibrating sample magnetometer (VSM). A face-centered 

cubic structure was analyzed by XRD, indicating an unchanged crystalline structure of iron after 

esterification reaction with crystallite sizes between 4.11 to 10.72 nm. The presence of β-CD and lignin 

was confirmed with characteristic of stretching vibrations of C–C bonds at 1635 cm−1 and of vibrations of 

the benzene ring at 1594 cm−1. Absorption bands around 1742/1747 cm−1 of the C=O stretching vibration 

attest that the carboxylic acid groups have formed ester bonds with the hydroxyl functions of β-CD and 

MNP@Lignin. The diameters of the particles decrease from 37.53 to 22.68 nm for the MNP@Lignin and 

MNP@Lignin@P-CD, respectively, with unchanged morphology. The initial spherical shape of the iron 

core is conserved after functionalization. However, the saturation magnetizations were measured at 2.52, 

3.78, and 8.43 emu/g for citric, tartaric, and maleic acids, respectively. A thicker nonmagnetic coating 

generates lower magnetic performance by increasing the dipole moment. Consequently, citric acid 

crosslinker generates deeper and less accessible carbon networks. Similar zeta potential profiles with 

negative charges for a pH range of 3–11 were observed, with the most negative zeta potential for tartric 

acid, attesting higher content of carboxylate function on the surface. The SEM image confirms the lower 

porosity of the final nanoparticles. However, the interactions with the pollutants are only based on 

interactions with the organic function on the surface of the adsorbent. The suggested interactions involved 

in the adsorption mechanism and the related FTIR bands modifications observed are illustrated in Figure 8. 

Table 6. A summary of MNP-CDs prepared via carboxylate bonding. 

Entry Synthetic Scheme Dye/Use Ref. 

1 

 

Basic blue 3 

 

Desorption 

Solution containing acetic 

acid 

(5% v/v) 

[62] 

2 

 

Rhodamine B 

Methylene blue 

 

Desorption 

Methanol, ethanol,  

acetic acid, 

methanol/acetic acid  

(9:1 v/v) 

[63] 
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3 

 

Congo red 

Cr(VI) 

 

Desorption in 1 M NaOH 

[64] 

4 

 

Methylene blue 

Methyl orange 
[65] 

5 

 

Bisphenol A 

Basic orange 2 

Rhodamine B 

Methylene blue 

Heavy metals  

Cr(III), Pb(II), Zn(II), 

Cu(II) 

 

Desorption 

Methanol 5% acetic acid 

[66] 

6 

 

Basic fuchsin 

 

Desorption by HCl 

[67] 

7 

 

Catalytic reduction of  

p-Nitrophenol 

Eosin Y 

Rhodamine B 

Congo red 

[68] 
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8 

 

Methyl blue 

Orange G 

Bisphenol A 

 

Desorption 

0.1 M NaOH, ethanol  

[69] 

9 

 

Methylene blue 

 

Desorption 

Ethanol/0.1 M HCl 

3:1 for 30 min 

[70,71] 

 

Figure 8. Interactions between MNP, β-CD, and dyes. 

2.2. Noncovalent Strategy: Co-Precipitation Method 

Al-Maddhagi et al. recently provided a mini review on the synthesis of MNPs using the coprecipitation 

approach, but not involving cyclodextrins [72]. In 2012, Sun et al. [73] grafted cyclodextrin–chitosan onto 

magnetic nanoparticles to nano-adsorb methyl blue (Table 7, Entry 1). In the presence of non-ionic 

surfactant (span 80) and liquid paraffin, glutaraldehyde was used as a cross-linker to improve the chemical 

stability in acid media, despite the fact that this polymerization step would reduce the amino chelating sites 

on the nanoparticles and consequently the adsorption capacity. However, the interactions with multiple 

hydroxyls, carboxyl groups, and free amino groups of the chitosan biomaterial and the formation of host–

guest supramolecular complexes between the organic dye and the CD cavity still remained to reach a good 

remediation rate. SEM and TEM experiments showed spherical shaped particle morphology with diameters 

around 100 nm. The immobilization of CD-chitosan was confirmed by IR with characteristic peaks at 1650 
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cm−1 (CN stretching vibration). In 2016, An et al. [74] associated a carbonized rice husk (CRH) matrix with 

β-CD and Fe3O4, leading to an integrated multifunctional bioadsorbent (Table 7, Entry 2). The authors 

observed that the mixture of CRH with iron oxide reduced the adsorption capacity of the nanoparticles. To 

avoid this difficulty, they inserted CD using hydrothermal co-precipitation technique in three steps. β-CD 

was firstly stirred in presence of CRH and FeCl3, then FeCl2 was added, followed by NH3·H2O. The authors 

confirmed the creation of covalent bonding between hydroxyl functions of the β-CD and oxygen groups on 

the surface of the carbonized rice husk by reaction under alkaline conditions. This claim was based on 13C 

NMR experiment in the absence of iron metal. Indeed, a new weak peak at 72 ppm was attributed to C–O–

C interaction between the two entities. The surface of CRH@MNP@CD appeared rougher. The powder 

XRD technique showed very low peak intensities, indicating a low amount of iron nanoparticles (9.52% 

determined by XPS). EDX mapping suggested that Fe was evenly distributed in the composite with a low 

saturation magnetization of 6.5 emu/g. Increasing the pH of the system significantly enhances methylene 

blue adsorption capacity, mainly due to favored electrostatic attractions and hydrogen bonding between the 

cationic dye and multiple adsorptive sites, e.g., the hosting cavity, the hydroxyl groups of the CD crown, 

and surface oxygen-containing groups from the solution-carbonized matrices. After the adsorption step, the 

spectrum of CRH@MNP@CD shows distinct absorption changes at 1598, 1245, and 883 cm−1, 

characteristic of the aromatic ring stretching vibration of methylene blue. A polymer of β-CD functionalized 

with ionic liquids was immobilized onto Fe3O4 to measure the rhodamine B in food samples by magnetic 

solid phase extraction (MSPE) (Table 7, Entry 3). FTIR data certified that the hydroxyl part of rhodamine 

B was included in the CD cavity [75]. Ionic liquids (ILs) are stable organic salts with hydrophobic 

properties. Mono-6-deoxy-6-(1-ethyl-imidazolium)-β-cyclodextrin iodide polymer was added to Fe3O4 

nanoparticles in the presence of Fe3+ in basic conditions. The presence of modified cyclodextrin onto iron 

nanoparticles was confirmed with peaks of 1118 cm−1 and 1326 cm−1 corresponding to amide function, and 

C=O bond at 3127 cm−1. The microscopic morphological structures revealed a layer shape and macropores 

different from the initial polymer. The crystal shape of Fe3O4 particles was not altered after the modification. 

Parashara et al., in 2018, Ref. [76] synthesized modified magnetic nanoparticles with β-CD by a simple co-

precipitation method in a single step by mixing an aqueous solution of Fe2+, Fe3+, and ammonia (25 wt%) 

under heating at 70 °C for 30 min (Table 7, Entry 4). Spherical shape of nanoparticles with an average size 

of the nanoparticles at 8.6 nm was observed, and the TGA data support the formation of β-cyclodextrin 

modified MNPs. The interactions between the hydroxyl groups of the oligosaccharide crown and the 

carboxylate and phenolate groups of eosin and phloxine stabilize the dye encapsulation. The capture 

properties of hydroxypropyl-β-cyclodextrin-polyurethane magnetic nanoconjugates MNP@PU@CD were 

studied by Alizadeh et al. [77] (Table 7, Entry 5). They played with the dual absorbent properties of the 

macrocycle and urethane network to remove dyes. Hydroxypropyl β-CD (HP-β-CD) was tested due to its 

higher water solubility compared to β-CD. PU brings mechanical properties and water resistance to the 

composite. The authors compared the nanocomposite with and without PU. The iron nanoparticles were 

heated in the presence of HP-β-CD, leading to a noncovalent bonding. Covalent conjugation was achieved 

after polymerization of hexamethylendiisocyanate (HDMI) with Fe3O4 particles prepared from FeCl3·6H2O 

in an autoclave for 8 h at 200 °C in the presence of PEG 6000, sodium acetate, and ethylene glycol. 

Magnetic nanocomposites were characterized by FTIR spectroscopy. The absorption bonds of HP-β-CD 

and PU were recovered with the presence of stretching vibrations of NH–CO (1570 cm−1), C–N (1253 

cm−1), only the Fe–O vibration moved from 573 cm−1 to 604 cm−1. By SEM, the final nanoparticles 

appeared aggregated. In 2020 and 2021, Susan et al. reported [78,79] novel magnetic activated charcoal-β-

cyclodextrin-alginate polymer nanocomposite MNP@AC@CD@Alg to adsorb cationic dyes, drugs, and 

metals from aqueous solutions via physico-chemical adsorption mechanism (Table 7, Entry 6). In the 

presence of calcium, sodium alginate forms a complex due to the presence of carboxylic and hydroxyl 

functions. The combination of sodium alginate-based material and cyclodextrin support enhances the 
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remediation absorption capacities of the composite gel beads. The synthesized material is a mesoporous 

material with particle sizes around 20 nm, with rough pores around 2–16 nm, available to encapsulate dyes. 

The irregular structure and large surface area obtained enhance the beads’ adsorption properties. The 

crystalline phases were observed by XRD with the face-centered cubic (fcc) structure of Fe3O4 with 

crystallite sizes of MNP@AC, MNP@AC@CD, and MNP@AC@CD@Alg of 11.04, 2.71, and 5.63 nm, 

respectively. The presence of alginate and CD has been confirmed by FTIR analysis, especially with the 

band at 1408 cm−1 attributed to the symmetric stretching vibration peak of carboxylate function. The 

thermal analysis showed that the addition of a carbon material and iron nanoparticles increased the thermal 

stability of polymer gel beads. Three phases of weight loss occurred with the residual water from 39–133 °C 

(5.53%), from 234–314 °C (19.8%) due to the immobilized polymer matrix (CD and alginate), and 41.38% 

weight loss from 415–503 °C due to the decomposition of oxygen-containing groups and carbon framework. 

Magnetic-hysteresis (MH) loops of the final composite MNP@AC@CD@Alg were observed by VSM, 

confirming the ferrimagnetic properties of the nanoparticles with very low saturation magnetization of 

0.128 emu/g due to the alginate coating. These results indicate that the Fe3O4, AC, CD and SA were 

successfully combined to form the polymer gel beads. A magnetic cyclodextrin polymer using 

epichlorohydrin crosslinker from Fe3O4 nanoparticles was published by Gabaldon et al. [80] (Table 7, Entry 

7). In these reaction conditions, the coating of metallic particles by β-CD-EPI polymer was maintained by 

hydrogen bond interactions and coordination chelation between the hydroxyl groups and the oxygen atoms 

present on the polymer and the iron metal at the magnetite surface. No defined shape images were observed, 

suggesting heterogeneous surface morphology and an irregular structure of the polymer. The beads showed 

a glass transition around 189 °C before any decomposition took place. This transition phenomenon, 

attributed to relaxation of the structure to a more flexible arrangement, was absent in the EPI-β-CD polymer 

or in any of the starting materials. The authors studied the adsorption of direct red 83:1. This dye mainly 

exists as anionic forms in the range of pH = 3–7 corresponding to four sulfonate groups. The negative 

charges present both in the dye and the adsorbent cause repulsive forces decreasing the adsorption capacity. 

In 2023, Han et al. [81] developed single and co-adsorption of methylene blue by magnetic β-cyclodextrin 

based on alginate and biochar (AC) as biosupports using microwave activation (Table 7, Entry 8). Pyrolysis 

of biodegradable rice straw (300 °C for 2 h) in an oxygen-free environment led to relatively low-cost 

biochar. To enhance the pollutant removal performance, alginate was used to introduce acid and hydroxyl 

functional group on the material surface. As grafting β-CD onto biochar with a crosslinking agent can be 

time-consuming, microwave irradiation was applied, generating vibration and friction between molecules and 

a fast increase of the medium temperature (hot-spot effect), accelerating the kinetics of the reaction (hours to 

seconds). The protocol reported is very simple and consists of mixing all the ingredients Fe3O4, β-CD, and 

biochar in the presence of NaH2PO4, EDTA, and Macrogol 1000 in a microwave at 136 W at 40 °C for 1 h. 

No problems due to the magnetic properties of the iron nanoparticles and the instability of the cyclodextrin 

under these conditions were underlined by the authors. Then AC@MNP@CD obtained was mixed with 

sodium alginate, and CaCl2 solutions were introduced using a dropper, leading to a ligand-metal complex. 

Through SEM images, the pores of biochar could still be detected, and spherical nanoparticles were observed 

on the surface. FT-IR spectra showed the aromatic molecules issued from biochar generating C=C vibration 

around 1559 cm−1, and the peaks at 1417 and 1620 cm−1 were associated with the vibration stretching of 

symmetrical and unsymmetrical O–C–O of sodium alginate. XRD patterns exhibited peaks of at 2θ = 20.81° 

(Biochar), 22.25° (β-CD), 30.09°, 35.42°, 43.05°, 56.94°, and 62.51° (Fe3O4). The magnetization value for β-

CD@MBCP was identified as 6.77 emu/g due to the alginate coating. 
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Table 7. A summary of MNP-CDs prepared via a noncovalent binding strategy. 

Entry Synthetic Scheme Dye/Use Ref. 

1 

 

Methyl blue 

 

Desorption 

0.1 M in ethanol 

[73] 

2 

 

Methylene blue 

 

Desorption in ethanol 

[74] 

3 

 

Rhodamine B 

 

Desorption 

SDS, CTAB, 

methanol, ethanol, 0.1 

M NaOH, 0.1 M HCl 

[75] 

4 

 

Eosine 

Phloxine 
[76] 

5 

 

 

Methyl volet [77] 

6 

 

Methyl violet 

Brilliant green 

Norfloxacin 

Ciprofloxacin 

Cu(II) 

 

Desorption 

0.1 M HCl for dyes 

0.005 M NaCl for 

drugs and 0.01 M 

EDTA for metal ions 

[78,79] 
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7 

 

 
 

Direct red 83:1 

 

Desorption 

Acetate buffer 

pH 4, 30 min 

[80] 

8 

 

Methylene blue 

 

Desorption 

0.1 M HCl, methanol 

[81] 

3. Results: Binding of Dye Molecules by CDs and MNP@CD 

There have been numerous studies on the inclusion complexes of various guest dyes by cyclodextrin host 

molecules in aqueous solution; these have recently been surveyed in a book chapter [82]. For example, Moritz 

and Sahyun reported spectroscopic studies of the binding of cyanine dyes by β-CD over 20 years ago [83]. 

More recently, Saifi et al. reported the binding of an azo dye by β-CD [84], and discussed the potential of this 

complexation for water purification [84]. However, neither of these papers reported values of the binding 

constant K, which is critical for the applications of CDs themselves and CD-based adsorbent materials in the 

remediation of dye pollutants from natural water. In the following, representative studies that report the values 

of K will be reviewed and discussed. These include a wide range of dye guest molecules as well as different 

native and modified cyclodextrins. The reported values of K from these publications are summarized in Table 

8. It is difficult to establish a correlation between the CD grafting content on MNP and the amount of adsorbed 

dye due to the absence of quantification titration of free accessible cavities. The grafting rate extracted from 

TGA experiments is not accurate enough for such a comparative analysis. Moreover, quantification of the 

synergic effects of various molecular interactions is difficult to measure. 

In an early paper, the inclusion of resorcinol-based acridinedione dyes in β-CD at various temperatures 

was studied via fluorescence enhancement studies [85], and in the case of the N-phenyl substituted dye, a 

relatively low binding constant of 401 M−1 at 298 K was obtained. This study also reported the 

thermodynamics of this binding, and found that both the enthalpy and entropy of binding were negative, 

indicating that inclusion of this dye into β-CD is enthalpy driven. They attributed the large negative 

enthalpy to the presence of the hydrophobic effect as the main driving force for inclusion, and the decrease 

in entropy to the loss of rotational motion of both the host and guest upon complexation. In an extensive 

study, Liu et al. reported the binding constants for six different dye molecules in all three native CDs, as 

well as several mono-substituted modified CDs using fluorescence titrations [86]. Acridine red was studied 

in all of the CDs, and the values of the binding constants are listed in Table 8. As can be seen from the table, 

in comparing the three native CDs, the largest K of 1380 M−1 was obtained with β-CD, with much smaller 

values in both α-CD (49.7 M−1) and γ-CD (117 M−1). Thus, the size of the β-CD cavity is the best match 

for the size and shape of this particular dye; this is a commonly observed result for dye molecules. In the 

case of Acridine red in the modified mono-substituted β-CDs, the binding constants were either similar to, 

or in most cases significantly larger than, that for β-CD itself. For example, in the case of BzSe-β-CD, in 

which one of the primary hydroxyls on the smaller rim was substituted by CH2SeCH2C6H6, a large value 

of K of 8050 M−1 was obtained, indicating the role of the substituent group in facilitating the binding of the 

dye. Other dyes were also reported with β-CD, with crystal violet showing a stronger binding than acridine 

red, with K = 5850 M−1, whereas fluorescein showed a much weaker binding, with K = 11.7 M−1. 
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Table 8. Representative reported binding constants K for the inclusion of dyes in various cyclodextrins at 298 K. 

Cyclodextrin Dye * K (M−1) Reference 

β-CD 
Acridine red 49.7 [86] 

Methyl orange 2527 [87] 

β-CD 

N-phenylacridinedione 401 [85] 

Acridine red 1380 [86] 

Crystal violet 5850 [86] 

Fluorescein 11.7 [86] 

Direct red 83:1 7590 [88] 

Methyl orange 952 [87] 

Methylene blue 310 [89] 

BzSe-β-CD Acridine red 8050 [86] 

DM-β-CD Direct yellow 106 2.26 × 106 [88] 

TM-β-CD 
Direct yellow 106 5.00 × 106 [88] 

Direct red 83:1 1.98 × 104 [88] 

HP-β-CD Direct red 83:1 1.08 × 104 [88] 

β-CD 
Acridine red 117 [86] 

Direct yellow 106 1.03 × 105 [88] 

* The structure of Methylene Blue is shown in Figure 1b; the structure of all other dyes reported in the table can be found in the 

original references. 

These values illustrate the crucial importance of the size and shape match between the dye guest and 

the cyclodextrin cavity, and that binding constants need to be measured for any specific CD-dye pair of 

interest. Scott et al. reported the binding of methylene blue using UV-vis absorptance studies [89]. This dye 

is of particular interest, as it is important both industrially and in medical and other applications, and is 

often used as a representative dye in water remediation studies. They reported a moderate binding constant 

of 310 M−1 in β-CD. They found that the binding of methylene blue by β-CD resulted in a reduction of its 

cell staining and glucose uptake effects. Semeraro et al. published an extensive study on the binding of two 

large, related dyes, direct Red 83:1 (DR) and direct yellow 106 (DY), using both spectrophotometric and 

electrochemical techniques [88]. In the case of DR, they obtained a value of K of 7590 M−1 in β-CD, but 

larger values of 1.98 × 104 and 1.08 × 104 M−1 in trimethyl-β-CD (TM-β-CD) and 2-hydroxypropyl-β-CD 

(HP-β-CD). In the case of the larger DY, they obtained a very large value of K of 1.03 × 105 M−1 in γ-CD, 

and even larger values of 2.26 × 106 and 5.00 × 106 M−1 in dimethyl-β-CD (DM-β-CD) and TM-β-CD. In 

the case of the larger DY and the native CDs, the larger γ-CD cavity gave a stronger binding, again 

illustrating the importance of the size match between host and guest. However, the two modified β-CDs 

gave even stronger binding, dramatically illustrating the superior binding properties of modified CDs. As 

a final illustrative example, Barão et al. compared the binding of methyl orange in α- and β-CD at pH 3.0 

in a disodium citrate-phosphate buffer, which proved to be the best conditions for the inclusion 

complexation [87]. They reported K values of 2527 and 952 M−1 for α- and β-CD, respectively, showing 

that in this case, the smaller CD cavity gave better binding; this is consistent with the relatively small size 

of methyl orange, a diazo dye with benzene rings only, again illustrating the importance of the match 

between the guest and host cavity sizes. 

Studies have also been reported on the binding of dyes by cyclodextrin polymers [13,63], nanosponges 

[90], and other CD-based adsorbents [14]. The applications of such CD-based materials to the removal of 

water pollutants have also been proposed and reviewed [6,7,14], including a 2021 review of magnetite 

nanoparticles in general as dye sorbents [91]. However, for the purpose of this review, the focus will be on 

CD-decorated magnetic nanoparticles (MNP@CD) for water remediation, and their ability to trap dye 

pollutants. In aqueous solution, an equilibrium is established between the free and bound dye molecules, 

which is typically well described by the Langmuir isotherm model. This model, and its application to 
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magnetic nanoparticles as adsorbents, is well described in detail in reference [91], along with tables of 

reported Langmuir isotherm parameters for a wide range of magnetic nanoparticles. In the case of 

MNP@CD, a number of different interactions can occur between the magnetic nanoparticles, the appended 

cyclodextrin cavities, and the dye molecules, as illustrated in Figure 8. 

A convenient measure of the dye adsorbing abilities of MNP@CD is the adsorption capacity, defined 

as the mass of dye molecules adsorbed per unit mass of MNP@CD, with units typically of mg/g. Table 9 

summarizes the reported dye adsorption capacity of a number of MNP@CD, with a range of specific dyes; 

these studies will be described in the following. 

The first study to report the removal of a dye by a cyclodextrin-derivatized magnetic nanoparticle was 

that of Badruddoza et al. in 2010 [57]. They prepared a carboxymethyl-β-cyclodextrin conjugated magnetic 

nanoparticle using two different synthetic methods: via covalent bonding (MNP(C)@CMCD) and by co-

precipitation (MNP(CP)@CMCD). They used the well-studied dye methylene blue (Figure 1b) as a 

representative dye, and found that their magnetic nano-adsorbents could significantly adsorb this dye, with 

adsorption capacities of 140.8 and 277.8 mg/g for the covalently and co-precipitation prepared materials, 

respectively. Other groups also used methylene blue as the target dye for their MNP@CD. Lv et al. 

synthesized a bioadsorbent (RH-c/Fe3O4/CD), which had an adsorption capacity for methylene blue of 

359.8 mg/g, higher than that of Badruddoza et al. Liu et al. prepared magnetic nanospheres functionalized 

by β-CD polymers (P-CD), which had a similar adsorption capacity of 305.8 mg/g [60]. An even higher 

adsorption capacity was reported by Xie et al., whose Fe3O4/CD-polymer composite (CDP-Fes) showed a 

high affinity for methylene blue, with an adsorption capacity of 565 mg/g [65]. Yadav et al. prepared a 

novel magnetic CD nanocomposite incorporating activated charcoal (Fe3O4/AC/CD/Alg), which had a 

modest adsorption capacity for methylene blue of 10.63 mg/g in its dry powder form [78]. Most recently, 

Sabzevar et al. reported a large adsorption capacity for methylene blue of 454.54 mg/g using a CD/magnetic 

lignin adsorbent (β-CD-TA-MKL) [70]. Other dyes have also been the subject of MNP@CD adsorption 

studies. Fan et al. prepared cyclodextrin-chitosan magnetic nanoparticles (CDC), and found a very large 

adsorption capacity of 2780 mg/g with methyl blue through host-guest interactions [73]. Cai et al. prepared 

ammonium β-CD-conjugated magnetic nanoparticles (GEPCD-MNP), and found a strong adsorption 

capacity of 389.1 for Congo red [64]. Another carboxymethyl-β-CD-based adsorbent (Fe3O4/CM-CD) was 

synthesized by Hu et al.; it showed a moderate adsorption capacity of 203.54 mg/g for C.I. basic blue [62]. 

Nasiri et al. synthesized a hydroxypropyl-β-CD-polyurethane magnetic conjugate (HPMNPU), and tested 

it with two different dyes [77]. They found extremely high adsorption capacities of 1269 and 1667 mg/g 

with crystal violet and methyl violet, respectively, indicating a very high dye capacity for this particular 

MNP@CD. As a last example, Liu et al. extended their study of the adsorption of methylene blue by their 

CD nanocomposite incorporating activated charcoal (referred to as Fe3O4/AC/CD/SA) to methyl violet and 

brilliant green, again with relatively low adsorption capacities of 5.552 and 2.283 mg/g, respectively [79]. 

Interestingly, this value for methyl violet is nearly three orders of magnitude lower than that reported by 

Nasiri et al. for their HPMNPU material. 

It is clear from these reports that MNP-CDs with a wide range of adsorption capacities for methylene 

blue and other dyes have been prepared for potential applications in the remediation of dye-polluted 

wastewater. In general, the greater the adsorption capacity, the more useful MNP@CD will be for such 

applications. Some of these materials discussed in this section, as well as other MNP@CDs, have been 

directly applied to the removal of dyes from wastewater samples. The success of such remediation methods 

will be discussed in Section 4, for methylene blue as well as other dyes. 

  

https://doi.org/xxxx


Green Chem. Technol. 2026, 3(3), 10019. doi:10.70322/gct.2026.10019 30 of 39 

 

Table 9. Representative reported dye adsorption capacities of MNP@CDs at 298 K. 

Dye * MNP-CD ** Adsorption Capacity (mg/g) Reference 

Methylene blue 

CMCD@MNP(C) 140.8 [57] 

CMCD@MNP(P) 277.8 [57] 

RH-c/Fe3O4/CD 359.8 [74] 

P-MCD 305.8 [60] 

CDP-Fes 565 [65] 

Fe3O4/AC/CD/Alg 10.6 [78] 

β-CD-TA-MKL 454.5 [70] 

Methyl blue CDCM 2780 [73] 

Congo red GEPCD@MNP 389.1 [64] 

C.I. basic blue Fe3O4/CM-CD 203.5 [62] 

Crystal violet HPMNPU 1269 [77] 

Methyl violet 
HPMNPU 1667 [77] 

Fe3O4/AC/CD/SA 5.9 [79] 

Brilliant green Fe3O4/AC/CD/SA 2.3 [79] 

* The structure of Methylene Blue is shown in Figure 1b; the structure of all other dyes reported in the table can be found in the 

original references. ** The MNP-CD abbreviations listed are those used in the original references; the detailed compositions can 

be found there as well. 

4. Results: Remediation Applications of MNP@CDs 

The adsorption capacity of a number of MNP@CDs for various dyes was discussed above. However, 

to test their usefulness in remediating wastewater, studies need to be performed on actual or simulated dye-

contaminated waters, to test the efficiency (as % dye removal from the wastewater sample), the 

recyclability/reusability of the adsorbent materials, and the water volume capacity. In each case, the method 

for removing the dyes from the MNP@CD after adsorption from the water sample needs to be optimized; 

this typically involves using an organic solvent such as methanol. Such studies will be discussed in this 

section, some of which were reviewed above for their dye adsorption efficiencies. Table 10 summarizes the 

reported % dye removal and recyclability for a range of dye and MNP@CD combinations. Part of this 

application involves the optimization of the method. 

A number of studies have focused on the removal of methylene blue from aqueous dye solutions, and 

a number of those were discussed above in Section 3 in terms of their adsorption capacities. Liu et al. 

applied their CD-polymer-functionalized magnetic nanospheres P-MNS to the removal of methylene blue 

from simulated wastewater samples [60]. They found a very high removal efficiency of 99.98%, and a good 

recyclability, with 86% absorption efficiency achieved after five trials. Similarly, Xie et al. with their CDP-

Fes material found a maximum removal rate of 99.27%, and an adsorption capacity of 93% of its initial 

value after 4 cycles [65], and Yadav et al. with their Fe3O4/AC/CD/Alg material reported a maximum 

removal rate of 97.7%, and an adsorption capacity of 92% of its initial value after 4 cycles [78]. Most 

recently, Sabzevar et al. reported that their β-CD-TA-MKL magnetic lignin material showed a maximum 

removal efficiency of 96.24%, which only declined to 91.10% after five cycles, which is 95% of the initial 

value, proving an excellent recyclability for this adsorbent material. Chen et al. did an interesting study of 

the simultaneous removal of methylene blue and Pb(II) using a β-CD modified magnetic alginate/biochar 

material (β-CD@MBCp) [81]. They found a high degree of renewability in the combined uptake after four 

stepwise cycles. The authors proved that methylene blue was retained by inclusion into the cavity via host-

guest interactions, π-π stacking between the C=C bond of the dye and the biochar and, hydrogen bonding 

formation through the dye and the -OH and -COOH groups on the surface of the β-CD@MBCp. 

Whereas the studies on methylene blue reported in the paragraph above were performed using prepared 

aqueous solutions of methylene blue, Hu et al. used actual dying wastewater samples [66]. They used a 
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green synthesis approach to prepare a material which they referred to as MNP-CM-CDP, and tested its ability 

to remove a range of model pollutants, including methylene blue, from spiked sewage plant wastewater. They 

found 93.5% removal of methylene blue from wastewater samples from a sewage plant spiked with the dye, 

and high recyclability, with the adsorption efficiency decreasing by only 5.79% after five cycles. 

Table 10. Representative reported MNP@CD dye removal efficiencies and recyclability from wastewater samples. 

Dye * MNP-CD ** Max % Removal Recyclability *** Reference 

Methylene blue 

P-MCD 99.98 86% after 5 trials [60] 

CDP-Fes 99.28 93% after 4 trials [65] 

Fe3O4/AC/CD/Alg 97.7 92% after 4 trials [78] 

β-CD-TA-MKL 96.24 92% after 4 trials [70] 

MNP-CM-CDP 93.5 94% after 5 trials [66] 

Malachite green 
SPNA - Consistent over 5 trials [56] 

MNP-CD 96.5–100.5 - [55] 

Methyl blue 
CDCM - Consistent over 4 trials [73] 

QMCDP1 96.84 79% after 5 trials [69] 

Eosin CD@MNP 62 - [76] 

Congo red GEPCD@MNP - 90% after 5 trials [64] 

Methyl orange Fe3O4-PEI/β-CD - Consistent over 5 trials [59] 

C.I. basic blue Fe3O4/CM-CD 74 94% after 6 trials [62] 

Crystal violet MNP@CD 96.5–100.5 - [55] 

Methyl violet HPMNPU 96.1 - [77] 

Basic fuschin Fe3O4@CD 95.6 79% after 5 trials [67] 

* The structure of Methylene Blue is shown in Figure 1b; the structure of all other dyes reported in the table can be found in the 

original references. ** The MNP-CD abbreviations listed are those used in the original references; the detailed compositions can 

be found there as well. *** Expressed as the % of initial adsorption capacity or % removal rate after the stated number of trials, 

or as the number of trials with consistent results before a significant decrease was observed. 

Another often-studied dye in this area of research is malachite green, a synthetic blue-green dye used in 

industrial textiles and also as a fish aquarium antifungal. Yadav et al. prepared a maleic anhydride/β-CD-

based superparamagnetic nanoabsorbent (SPNA) and observed consistent adsorption/desorption results over 

five cycles, but a drop-off thereafter [56]. Methylene blue, malachite green and rhodamine 6G connect with 

the magnetic support by electrostatic and Van der Waals interactions. Additional hydrogen bonding and host-

guest interactions occurs only for the methylene blue and malachite green; rhodamine 6G being too 

hydrophobic and with larger size. Shahrebabak et al. prepared a silica-coated poly(β-CD-ester)-functionalized 

MNP@CD, and most importantly applied it to the removal of malachite green (as well as crystal violet) to 

real natural water samples, including tap water, fishpond water, and lake water [55]. They reported high, near-

quantitative recoveries in the range of 96.5% to 100.5% for malachite green, and similar values for crystal 

violet, as can be seen in Table 10. The authors did not report the recyclability of this material. 

Other dyes have also been studied as target pollutants for removal from water samples. These include 

methyl blue [69,73], various azo dyes [51], Rhodamine B [75], eosin [68,76], Congo red [64], methyl orange 

[59], C.I. basic blue [62], crystal violet [55,77], methyl violet [77], and basic fuschin [67]. Where reported, 

the removal efficiency and/or recyclability parameters from these studies are also listed in Table 10. 

A different approach to water remediation using MNP@CDs involves their use in concentrating and 

facilitating photocatalytic degradation of dye molecules, instead of their direct removal [91–95]. 

Rodruguez-Lopez et al. used magnetic CD polymers with pulsed light to destroy azo dyes in wastewater 

[80]. Yadav et al. utilized an MNP@CD material as a photocatalyst for the removal of malachite green 

from wastewater samples, achieving 89.4% removal in 120 min, through host-guest inclusion [92]. Most 

recently, Kaur et al. used a magnetic CD/Fe2O3 nanocomposite fabricated with β-CD to treat wastewater 
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by photolytically degrading a range of industrial dyes, including methylene blue [92]. The methylene blue 

and methyl orange remediation process takes place due to multilayer adsorption on the nanocomposite 

surface via H-bonding interactions between the nitrogen atom of the dyes and -OH group of the β-CD, 

electrostatic interactions between ammonium from methylene blue and sodium sulfonate from methyl 

orange, and -OH groups of the oligosaccharidic crown, and finally, via van Der Waals forces. In addition, 

Lighcan et al. used an N-heterocyclic Cu(II) complex appended to an MNP@CD to provide redox catalytic 

reduction of a wide range of industrial dyes [68]. They found a high catalytical activity, which, combined 

with magnetic recovery of the catalyst, indicated a high potential for the catalytic reduction of industrial 

dyes in real wastewater applications. 

5. Comparison of Different MNP@CD and Recycling 

As discussed above, there has been a diverse range of CD-appended magnetic nanoparticles 

synthesized in recent years, with varying success and utility towards the removal of industrial dye pollutants 

from natural and simulated wastewater samples, so it is important to compare the success and utility of 

these different MNP@CDs. One of the most important experimental measures of the potential use for this 

purpose is the dye adsorption capacity, the mass of dye able to be absorbed per g of MNP@CD. These 

values from the literature, which were reported, are summarized in Table 9 for a variety of industrial dyes. 

As can be seen from the table, there is a large range in reported adsorption capacities, from a low of 2.283 

mg/g for the dye brilliant green in an MNP@CD based on activated charcoal particles [79] to a very large 

value of 2780 mg/g for methyl blue in a chitosan-based MNP@CD at 30 °C [73]. This is a three orders of 

magnitude range in adsorption capacity! Interestingly, this highest adsorption capacity of 2.78 g/g was 

reported from one of the first reports of an MNP@CD applied to the removal of an industrial dye, back in 

2012; this value has not been surpassed since (although two other studies were also above 1 g/mg). It is clear 

that these values are highly dependent on both the dye itself in terms of its size and shape, and the properties 

of the MNP@CD, making comparisons between studies and correlations between MNP structures and 

binding capacity difficult to establish. In addition, experimental conditions, including dye concentration, 

solution pH, and temperature have all been shown to impact these values, and in each case, optimization of 

conditions was necessary to maximize the adsorption capacity value. All of these factors have undoubtedly 

contributed to the wide range of binding capacities reported. To compare the capacities of different MNP@CDs, 

it is useful to compare the values for the same dye molecule, to allow for a valid comparison. For this purpose, 

methylene blue is the best dye to choose, as it has been studied in the most MNP@CD materials, a total of seven 

listed in Table 9. The MNP@CD with the highest ability to absorb methylene blue is the β-CD-TA-MKL 

material synthesized and studied by Sabvezar et al., with an impressive adsorption capacity of 455 mg/g. 

When considering the maximum percentage removal of the dyes from aqueous samples, as listed in 

Table 10, there was a range of values from 62 to close to 100%, with the majority of the MNP@CDs giving 

values above 95%. Thus, from this perspective, most of the MNP@CDs performed equally well, with just two 

with values less than 90%. Once the method for both adsorption and removal of the dye was obtained, in terms 

of recyclability, which is also listed in Table 10, most of the MNP@CDs studied had similar results, with most 

maintaining their adsorption capabilities for four to five cycles. The best reported recyclability was that of 

Fe3O4/CM-CD, which retained 94% of its initial adsorption ability after six adsorption and removal cycles [62]. 

Overall, most of the MNP@CDs reported had strong adsorption capacities, which allowed for good 

dye removal and recyclability, so the choice of an MNP@CD for a particular remediation application would 

depend on the specific dye or dyes involved, as well as the ease, cost, and environmental impact of the 

specific synthetic procedures. 

It is also useful to summarize the comparison of the synthetic procedures and formation conditions 

involved for different MNP@CDs; these are summarized in Table 11 (coprecipitation method) and Table 

12 (autoclave activation). 
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Table 11. Formation conditions of MNPs particles by the co-precipitation method from the literature. * iron, reagents, and β-

CD are mixed together to form MNPs. Otherwise, MNPs are first produced in a first step, and immobilization of β-CD is done 

in a second step. 

Co-Precipitation Fe2+, Fe3+ 

Reagents Temperature Time Ref. 

NH3, β-CD 

50 °C 30 min [52] 

80 °C 30 min [53,54,57,64,73,78–80] 

80 °C 5 h [63] 

NH3, β-CD * 80 °C 30 min [76] 

NH3, SDS in xylene, β-CD 80 °C 3 h [51] 

NH3, sodium citrate, β-CD - 
30 min 

1 h 
[67] 

NH3, carboxymethylated-β-CD * 80 °C 2 h [62] 

NH3, lignin, β-CD 80 °C 1 h [70,71] 

NH3, carbonated rice husk, β-CD * 80 °C - [74] 

NH3, ionic liquid, β-CD polymer * 55 °C 30 min [75] 

NaOH, Tetrafluoroterephtalonitrile cross-linked β-CD * 90 °C 24 h [65] 

NH3, polymer from carboxymethylated β-CD, 

epichlorhydrin * 
90 °C 1 h [66] 

NaOH, polymer from carboxymethylated β-CD, 

epichlorhydrin * 

Microwave 

2.45 GHz 
30 min [68] 

NaH2PO4, Biochar, EDTA, Macrogol 100, β-CD 
Microwave 

40 °C 
1 h [81] 

Table 12. Formation conditions of MNPs particles by autoclave activation from the literature. * iron, reagents, and β-CD are 

mixed together to form MNPs. Otherwise, MNPs are first produced in a first step, and immobilization of β-CD is done in a 

second step. 

Autoclave 

Reagents Temperature Time Ref. 

Fe3+, Sodium acetate, PEG-6000, Ethylene glycol 200 °C 8 h [77] 

Fe3+, Trisodium citrate, Sodium acetate, PEG-6000 200 °C 8 h [58] 

Fe3+, Sodium acetate, Ethylene glycol, 1,6-hexadiamine 200 °C 8 h [59] 

Fe3+, Sodium acetate, Ethylene glycol, β-CD * 200 °C 8 h [60] 

Fe3+, Sodium acetate, PEG 600 200 °C 16 h [55] 

Fe3+, Trisodium citrate, Sodium acetate, Ethylene glycol 200 °C 10 h [69] 

Fe2+, Fe3+, NH3, β-CD 

Hexamethylene bis(hexadecyldimethylammonium bromide) (16–6–16) * 

or 

Tris(2-N(dodecyl N,N-dimethylammonio)ethylamine) tribromide (TriCAT) * 

150 °C 24 h [61] 

6. Conclusions 

A wide variety of MNP@CD have been prepared and utilized over the past quarter century for the 

remediation of dye-contaminated wastewater samples. All of these magnetic materials have a significant 

advantage over other types of sorbent materials, namely their ease of removal from the water sample being 

treated, using a simple magnet. Two main strategies based on covalent or noncovalent bonding can be 

applied to immobilize β-cyclodextrins or polymers of cyclodextrins on iron nanoparticles. The covalent 

links use silica coating, autoclave, plasma, microwave activations or binding with carboxylation reaction, 

generating functionalized nanoparticles that are physically and chemically more resistant. However, co-

precipitation reactions are widely used and involve hydrogen bonding interactions between the entities. 

Composites are also synthetized using biomass such as activated carbon, biochar, chitosan, alginate to 
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reduce the environmental impact of the synthesis. Other additives, such as ionic liquids, can also bring a 

synergic effect on the pollutant capture capacity of the magnetic material. The resulting MNP@CD have a 

wide range of abilities to adsorb industrial dyes, with reported values of the adsorption capacities spanning 

a range of 3 orders of magnitude, from 2.38 to 2780 mg of dye per g of MNP@CD. This value depends 

strongly on the characteristics of both the dye and the MNP@CD, as well as other factors such as dye 

concentration, pH, and temperature. Many of these materials were also tested for their ability to remove 

specific dyes from simulated or (less frequently) real dye-contaminated wastewater samples. Again, a range 

of efficiencies was reported, in terms of the percent removal of the contamination dye, but in the majority 

of cases excellent removal rates of 90% or above have been obtained. Recyclability of the MNP@CD is 

also of primary importance, and in the majority of cases, good adsorption abilities were found after five 

repeated adsorption/removal cycles, with a highest recyclability reported of a retention of 96% of the 

adsorption capacity after six cycles. These results show that there is significant promise for the application 

of MNP@CDs to the remediation of industrial dye-contaminated natural waters. 

In all cases, the magnetization properties decrease with the increase of coating on the iron core. 

However, the MNP@CD can still be extracted using a simple magnet. Surprisingly, the strength of the 

magnet and the conditions of magnetization are never discussed or optimized. Indeed, for an 

industrialization application, this technical point would have to be studied. In fact, we noted very few tests 

on real wastewater and no industrial scale up using magnetic pollutant extraction. In this perspective, the 

recyclability of the MNP is still low (4–5 cycles), and the authors do not explain if the MNP@CD are 

clogged or if the alcohol washing treatment is not efficient enough to carry on the extraction process. In 

addition, only a few studies report an association constant between dye and MNP@CD, and the number of 

accessible cavities of CD is never estimated. The lack of grafting rate and titration measurement of CD 

cavities available do not allow for a comparison of the strategies nor for any correlations to be established 

between remediation capacity and physical properties of the MNP@CD. 

Lastly, other upcoming MNP@CDs could also extract and degrade by photocatalysis the pollutant at 

the same time; the dyes themselves are usually not stable and hence cannot be recycled after extraction. 

Future work includes more efficient, greener synthetic approaches, testing on real natural water samples, 

and upscaling of the laboratory-based procedures for direct application to the remediation of actual large-

scale contaminated natural waters. 
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