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Abstract

:

The demand for water is predicted to increase significantly over the coming decades; thus, there is a need to develop an inclusive wastewater decontaminator for the effective management and conservation of water. Magnetic oxide nanocomposites have great potentials as global and novel remediators for wastewater treatment, with robust environmental and economic gains. Environment-responsive nanocomposites would offer wide flexibility to harvest and utilize massive untapped natural energy sources to drive a green economy in tandem with the United Nations Sustainable Development Goals. Recent attempts to engineer smart magnetic oxide nanocomposites for wastewater treatment has been reported by several researchers. However, the magnetic properties of superparamagnetic nanocomposite materials and their adsorption properties nexus as fundamental to the design of recyclable nanomaterials are desirable for industrial application. The potentials of facile magnetic recovery, ease of functionalization, reusability, solar responsiveness, biocompatibility and ergonomic design promote the application of magnetic oxide nanocomposites in wastewater treatment. The review makes a holistic attempt to explore magnetic oxide nanocomposites for wastewater treatment; futuristic smart magnetic oxides as an elixir to global water scarcity is expounded. Desirable adsorption parameters and properties of magnetic oxides nanocomposites are explored while considering their fate in biological and environmental media.
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1. Introduction


The discovery of nanomaterials can be traced to the discussions of Richard Feynman in his 1959 historic seminar lecture entitled “there’s plenty of room at the bottom” [1]. The legendary submission of Feynman has since led to unprecedented discoveries in the field of science and technology with enormous possibilities in various fields of knowledge [2]. Recently, there has been heightened interest in magnetic nanomaterials because of their inherent unique properties. Magnetic nanocomposites belong to the group of nanomaterials that can be controlled with the application of a magnetic field. In wastewater treatment, spent magnetic nanocomposites can be effectively recovered from the treatment plant via magnetization by an external magnetic source for treatment and re-use. They contain a primary magnetic material and secondary component(s) that give functionality, normally called shell(s). Superparamagnetic nanocomposites are built with magnetic elements such as nickel, iron, cobalt or their oxides and alloys with ferromagnetic or ferrimagnetic characteristics as a core and an outer shell [3]. The coating and modification of magnetic nanoparticles helps to improve and protect the core against oxidation and instability while providing selectivity for the magnetic nanocomposite [4,5,6]. The shell components can be organic, inorganic or a blend of both. Silica, resin, alumina, polymers, polyelectrolytes, surfactants, carbon and hemoglobin have been utilized by various authors to modify superparamagnetic nanoparticles [7,8,9,10,11,12,13]. Magnetic nanocomposites have been adapted as a green means of transport in biological and environmental media based on ease of operation and overall economic gains [13]. The preparation methods of magnetic nanomaterials are instrumental to their inherent properties. Synthetic methods and characterization procedures have been extensively covered in a similar submission and will not be emphasized in this discussion [2]. The morphology of magnetic nanocomposites, such as shape, surface area, pore volume, mesoporosity and point of zero charge (PZC), are important considerations for an effective and efficient adsorption process. Organic nanocomposites are desirable because of their relatively large surface area and abundant functional active groups desirable for adsorption, while inorganic nanocomposites have narrow band gaps, wide band edges and high electron flow and conductivity [14,15]. The low removal rate of biochar for heavy metals has also been reported [16]. Magnetic nanocomposites would harness the properties of both organic and inorganic composites, making room for the sorption of a wide range of pollutants. Furthermore, the uniqueness of magnetic nanocomposites promotes the easy recovery and re-use of the adsorbent, colloid stability and environment compatibility.



1.1. Magnetic and Magnetic Oxide Nanocomposites


Engineered magnetic nanocomposites work on the principle of magnetic separation. The magnetic composite or fluid becomes magnetized in the presence of an external magnetic field and acts as a default in its absence. As the ferromagnetic particle size shrinks from multi-domain to a single domain, the thermal energy exceeds the energy barrier, which is responsible for the alignment of the magnetic material, resulting in superparamagnetism [17]. Superparamagnetism is dependent on the particle volume and anisotropy constant, for example, the single domain size for magnetite is 128 nm while the critical value for superparamagnetism is 10–20 nm [17,18]. This is a foundational principle for superparamagnetic nanocomposites. The coercivity of a magnetic material is related to the width of the magnetization curve; it tells us about the magnetic field strength that must be applied to bring the magnetization of the material back to zero. Remanence is the value of the magnetization of the magnetic material when the external magnetic field strength is zero. An excellent superparamagnetic material should have zero or negligible remanence in the absence of a magnetic field. Figure 1 compares the hysteresis loops of a ferromagnetic material with those of magnetite nanoparticles synthesized in our laboratory using the co-precipitation method [19]. The exceptional ability of superparamagnetic particles to exhibit this characteristic property after the removal of the external magnetic field enables them to maintain colloidal stability and avoid agglomeration [20]. Particle shapes and sizes are major determinants for superparamagnetic materials; the particle size should fall in the range of 1–40 nm [20,21]. Spherical nanomaterials are desirable for wastewater treatment because of their comparative high kinetic energy and corresponding ease of clearance [22]. The strength of functionalized magnetic nanoparticles lies in the saturation magnetization (Ms) of the composite; a function of coercivity which is a determinant for recovery and downtime in a reaction medium. To juxtapose metals and metal oxide nanocomposites, metals have relatively higher saturation magnetization but are toxic and extremely sensitive to oxidation; in contrast, metal oxides are less sensitive and give a stable magnetic response [23,24].



Several conventional technologies had been developed for the purification of water. However, the challenge in water purification is the development of a technology that can effectively remove contaminants simultaneously (inorganic, organic and pathogens) and reduce their concentration to ultra-low levels from wastewater [25]. Conventional adsorbents, such as activated carbon, clays, silica beads and biosorbent, have limitations in their permeability, selectivity, temperature dependence, pH dependence and secondary waste [26,27,28]. Other methods of water treatment techniques include reverse osmosis, chemical precipitation, catalytic reduction, ion exchange, electrodialysis and membrane filtration. However, most of these methods are practically expensive, result in the wastage of water, are singly less efficient, are highly specific and have the problem of membrane fouling [29,30,31,32,33]. The development of an all-inclusive water detoxifier is a major challenge in the water industry. Technologies that have been developed are expensive, unscalable and generate disinfection by-products, which is a risk concern for human and environmental health [21].




1.2. Smart Magnetic Oxide Nanocomposites for Wastewater Treatment


“Smart” nanocomposites are “stimuli responsive” or “environmentally sensitive” composites [34]. They can undergo physical or chemical changes as responses to small external stimuli in environmental conditions (Figure 2). The band gap value of a material is a measure of the energy required to move an electron from the valence to the conduction band [35]. Therefore, it is desirable for solar-responsive nanocomposites to have low band values for the effective harvesting of solar energy. Figure 2 shows the pictorial representation of a temperature-responsive smart nanocomposite that selectively adsorbs Cu2+ and Pb2+. The removal of both cations from the aqueous solution would be dependent on the temperature of the medium, assuming the adsorptions of Cu2+ and Pb2+ on the magnetic oxide nanocomposite are selectively viable at 30 °C and 50 °C, respectively. A solar-responsive composite would enhance the capture and utilization of solar energy for the autoregulation of the system’s temperature, thus allowing for the auto-system adsorption of both cations. The adsorption of contaminants and pollutants from aqueous media using an engineered adsorbent is a facile, robust and industrially scalable method for wastewater treatment. It is a chosen route for the removal of pollutants from wastewater as opposed to photodegradation, which results in the production of secondary pollutants such as carbon (IV) oxide and hydrogen peroxide [36]. Furthermore, both adsorbent and adsorbates are recoverable and re-useable. Adsorption parameters can be used to define the adsorption process. Physisorption is a reversible reaction, while chemisorption involves the formation of new bonds and is not easily reversible. A recyclable adsorbent should be patterned towards a physisorption process for the easy recovery of adsorbates and re-use of the adsorbent. The working principle of a solar-responsive material is dependent on its ability to entrap solar energy and selectively adsorb ions from solution.



The adsorption process and efficiency are largely dependent on the temperature and pH of the reaction medium. The design of solar-driven superparamagnetic composites would enhance the active capture and harvest of 95% of the untapped energy from the visible region of solar energy for wastewater treatment [37]. This would save on energy and cost for industrial designs. Solar auto-moderated nanocomposites for wastewater treatment would also enhance the assessment of the water–energy nexus in bioscience and technology. Magnetic oxide nanocomposites have the advantage over other nanocomposites as they can be re-used upon the magnetization and desorption of sorbates, thus saving on cost, time and the elimination of secondary pollutants [38].



This review hopes to take a cursory look at the magnetic oxide core-shell for wastewater treatment. Much focus will be given to the magnetic properties of the nanocomposites and their effectiveness as an adsorbent for remediating wastewater. Adsorption parameters as pointers for the development of recyclable sorbents and the solar responsiveness of magnetic nanocomposites will be assessed. Discussion on the potentials of the inclusive modeling of green nanocomposites for wastewater treatment will be expounded, while the cytotoxicity of magnetic oxide nanoadsorbents will be raised.





2. Literature Review


The unprecedented growth of nanotechnology and novel properties of magnetic nanoparticles have given rise to wide applications in various industries. Magnetic nanoparticles are adaptable for different biological and environmental media due to their sizes, which are comparable to those of a cell (10–100 µm), a virus (20–450 nm), a protein (5–50 nm) or a gene (2 nm wide and 10–100 nm long) [39]. Furthermore, the relatively small sizes of nanoparticles coupled with functionalization prevent agglomeration and enhance circulation, making the particles less easily recognized by the body’s biological particulate filters [23]. The synthesis of nanoparticles is the first and most important step in the process of water treatment through engineered nanocomposites [6]. Nanoparticle synthesis methods can be categorized into two broad categories: the first is the breakdown (top-down) method, which involves the application of an external force to a solid, breaking it up into smaller particles. The bottom-up method produces nanoparticles starting from atoms of gas or liquids based on atomic or molecular condensations. The top-down approach can be further divided into dry and wet grinding. The wet process is suitable for preventing the condensation of the formed nanoparticles as compared to the dry method. The bottom-up approach, on the other hand, can be further grouped into gaseous phase methods and liquid phase methods. Desirable morphology, usage and properties, among other qualities, are fundamental determinants for the choice of method. Typical methods for the synthesis of magnetic nanoparticles include the sol-gel reaction [40], sonochemical methods [41], hydrothermal synthesis [42], microwave heating, laser and flame spray pyrolysis [43], co-precipitation [44], the green or biological route [45], polyol methods [46,47], the thermal decomposition method [48], solvothermal methods [49], micro-emulsion [50], combustion synthesis the and oxidation method [51]. Amongst all reported methods, the co-precipitation of iron oxides from Fe2+ and Fe3+ in stoichiometric amounts has been reported and adapted by different authors. This method is facile, well established and is largely scalable [52]. The pH and ionic strength of the precipitating solution are fundamental to the control of the size of the nanoparticle; an increase in both parameters would correspondingly amount to small nanoparticles [53]. Table 1 gives a comparative summary of preparation methods for magnetite nanoparticles.



Considering the possible negative implications of exposure to toxic elements in environmental and biological media, a high level of precision and accuracy is needed for the release of magnetic oxide nanoparticle moieties in vivo. To inhibit bursts and leakages, the superparamagnetic particles are coated to impede undesirable potentials. Figure 3 shows the schematic representations of a coated and functionalized magnetic oxide nanocomposite; the magnetic core bears the coating layer and functionalizers (shells), thus supplying magnetic properties to the composite. The primary coating layer reduces the kinetic energy between the magnetic nanoparticles and brings the stability and improved surface area necessary for the adsorption of pollutants. Coating strategies depend on the initial particle surface and intended usage. The rate-determining steps are bio-functionality, compatibility, stability in a broad pH range and ionic strength [62]. Coating materials include: organic–inorganic shells (e.g., Fe3O4@SiO2-NH2) [63]; organic molecules (e.g., EDTAD-Fe3O4 [64], Fe3O4@C [65]); polymers (e.g., Fe3O4@APS@AA-Co-CA) [66]; metal oxides (e.g., MgO-Fe3O4) [40]; surfactants (Fe3O4-oleic acid) [44]; inorganic molecules (e.g., Fe3O4@SiO2) [67]; and multi-shells (Fe3O4@SiO2@CS@pyropheophorbide) [68]. Silica coating is primarily via a sol–gel process by the in situ hydrolysis and condensation of silicon alkoxides under a basic environment, forming an inorganosilicate or organosilicate layer on the magnetic oxide nanoparticles, which is rich in silanol groups, a viable covalent coupler for other functional groups [69]. Synthetic methods for some magnetic oxides nanocomposites adsorbents and the influences of coating and functionalizing moieties on their properties for wastewater detoxification are presented in Table 2.



2.1. Preparation Methods for Magnetic Nanoparticles and Composites


Several methods of preparing magnetic iron oxides (MIONs) have been reported by researchers and some selected works are listed in Table 1 and Table 2. Amongst all reported methods of synthesis, the co-precipitation of metal oxides from aqueous solutions with a base under an inert atmosphere is a well-established and scalable route. A comparative study of methods for the preparation of superparamagnetic iron oxide nanoparticles (SPIONs) showed that 90% of SPIONs are prepared by chemical methods; physical method routes make up 8%, with the remaining 2% being biological methods [79]. The study further reported that, amongst chemical methods, co-precipitation occupied a choice position at 28%, followed closely by hydrothermal methods at 26% and micro-emulsion 20%, while the other methods trail by a wide margin. For the biological methods, the protein-mediated route was 60%, while plant-mediated synthesis had a lean share of 2%.



Ge Fei and co-workers produced polymer-modified magnetic oxide composites via the co-precipitation chemical route with sustainable adsorptive strength after four desorption and re-use cycles [70]. The same adsorbent was effective for the adsorption of crystal violet, methylene blue and alkali blue dyes from solution, reaching equilibration after 45 min, and methylene blue had maximum adsorption [66]. In the production of gold-coated magnetic iron oxide nanoparticles, the higher the ratio of Fe(II), the bigger the size of the nanoparticles [80]. The co-precipitation method was used to obtain well-dispersed, water-soluble and biocompatible iron oxide nanoparticles [44,81]. Size control was optimized using a surfactant and at low temperature with a pH range of 9–11; the co-precipitation method can produce fine, high-purity particles of single and multicomponent metal oxide [82,83]. The reaction temperature is also an important consideration during synthesis. Liu and co-workers tuned the particle size of Fe3O4 nanoparticles by varying the heating temperature and reaction time [48]. Conventionally synthesized magnetic iron oxide nanoparticles (Fe3O4) produced via the co-precipitation route had a high surface area value of 114 m2/g and were chemically stable, with leaching percentages of 0.05% and 0.90% using 0.01M and 1M HCl, respectively, after 72 h [63]. Xu et al. reported Fe3O4 nanoparticles treated with EDTA dianhydride for effective divalent cation adsorption, maintaining optimum adsorptive strength after three cycles of desorption [64]. Superparamagnetic maghemite (γ-Fe2O3) nanoparticles produced via the flame spray pyrolysis route resulted in particle sizes distributed within the range of 3.6 nm to 15.7 nm and a specific surface area of 79.4 m2/g [71]. Using this adsorbent, the adsorption of copper ions was more favorable at room temperature, while lead ions were effectively adsorbed at 45 °C.



Phosphate ions were effectively adsorbed to the tune of 95% after 5 min when using magnetic oxide nanoparticles produced via the micro-emulsion route; the adsorbent was separated after equilibration from solution within a maximum of 3 min [50]. Maghemite nanoparticles (γ-Fe2O3) prepared via the sol-gel method had a very low saturation magnetization (Ms) value of 3.3 emug−1; the surface area was 178 m2/g while the point of zero charge (PZC) was 6.3 and the nanoparticle had a 90% removal rate for Cr(VI) [84]. Aivazoglou et al. reported a facile microwave-assisted synthesis of iron oxide nanoparticles using the biological environment (β-cyclodextrin); the resulting magnetic nanoparticles with a particle size of about 14.75 nm were reproducible within an average of 4 min and had a faceted morphology [85]. The chemical precipitation route was used to synthesize Fe3O4-PEDOT (poly (3,4-ethylene dioxythiophene)) in a reaction time of 2 h; particle sizes were between the range of 12 to 20 nm. The composite was 95% efficient for heavy metal adsorption, maximum adsorption for the cations was seven times higher than for chitosan coated Fe3O4 nanoparticles [75]. Sun et al. proposed a facile green hydrothermal method from a single Fe(III) precursor using sucrose as both a capping and stabilizing substrate; reaction time was 2 d; both particle sizes and saturation magnetization were widely distributed between 4.2 and 17.1 nm and 14.82 and 29.55 emug−1, respectively [42]. Recently, Parveen et al. produced 1% iron oxide using tannic acid in an alkaline medium; the whole reaction lasted for 30 min [86]. However, the magnetic property of the fabricated iron oxide nanoparticles was not reported. This, however, seems a facile and fast method that can be adopted for other metals using other organic acids. Mandel et al. combined both co-precipitation and sol–gel methods for the continuous synthesis and modification of superparamagnetic nanocomposite microparticles using a Y connection reactor and a magnetic drum for the separation of the produced nanoparticles. The modification with thiol groups reduced the saturation magnetization (Ms) from 30 emug−1 to 22 emug−1; the composites’ size was 20 µm with a surface area of 75 m2/g [87]. There was no reported kinetics study for this work. Zinc ferrite aerogel through the epoxide sol–gel method was used to engineer nitrate-zinc ferrite and chloride-zinc ferrite aerogels; the surface areas of the nitrate aerogels were 371 m2/g and 349 m2/g, with an average size of 15 nm [88]. Further studies and characterization of the prepared aerogels were not reported. Magnetic nanoparticles exhibit the best characteristic properties in the size range of 10–20 nm; smaller sizes of less than 12 nm would require a large external magnetic field for recovery and separation [38,52]. Microwave heating enhances the synthetic process because, while the traditional method relies on conduction and convection for heat transfer, microwave radiation heats through the more efficient dielectric. The heating process is dependent on the analyte and its matrix to absorb microwaves and convert them to heat; generally, more polar solvents, reagents and catalysts are more efficiently heated [89]. Tsuji et al. have also reported a better control of size and dispersible crystalline nanostructures [90]. The purity of the product is largely dependent on microwave power and reaction time [85,91,92]. Aivazoglou et al. produced magnetic iron oxide nanoparticles in a biocompatible organic environment via microwave-assisted method, starting with polyethylene glycol (PEG) and β-cyclodextrin in the presence of ammonia solution [85]. The resulting magnetic nanoparticles were produced within a record time range of 2.5 to 5 min; the microwave power was between 400 W and 800 W. The particle sizes were between the range of 10.3–19.2 nm, while the saturation magnetization (Ms) was 70 emug−1. Kombaiah et al. juxtaposed the conventional heating method (CHM) with the microwave-assisted heating method using okra extract in a green synthesis of CoFe2O4 nanoparticles. Single-phase crystalline particles were evident within 15 min, in contrast to 1000 °C at 3 h needed for the CHM [93]. De Matteis and co-workers produced an ultrathin MgO coating and magnetite superparamagnetic nanocomposites using the co-precipitation and sol–gel methods [40]. Co-precipitation was used to synthesize the magnetite nanoparticles, while the sol–gel method was used to produce the MgO coating; they inferred that the MgO coating was more effective than SiO2.




2.2. Magnetic Cores for Magnetic Oxide Nanocomposites


The magnetic strength of the magnetic composite is largely dependent on the magnetic susceptibility of its composition. The Curie temperature of a ferrimagnetic material is the temperature above which it loses its permanent magnetic properties. Iron, cobalt and nickel are the only elements that in metal form have Curie temperatures above room temperature; the Curie temperatures for cobalt, iron and nickel are 1388 K, 1043 K and 627 K, respectively [94]. As such, all magnetic materials should contain one of these elements for sustainable magnetization.



Several researchers have doped magnetic iron oxide nanoparticles to produce novel magnetic cores. Haw and co-workers designed a nanocomposite of CoFe2O4-TiO2 using co-precipitation and hydrothermal routes for the magnetic core and composite, respectively. They effectively used the nanocomposite for the adsorption of methylene blue. However, the composite had a low saturation magnetization (Ms) value of 0.795 emug−1 and coercivity of 311.98 G [95]. This is very low compared to the theoretical Ms value of 57.1 ± 1 emug−1 for bare Fe3O4 [96]. The coercivity value of 311.98 G implies that the composite would require more magnetic strength for the separation and recovery of the composite. The researchers attributed the recorded low saturation magnetization (Ms) value for the composite to the presence of diamagnetic TiO2. Furthermore, the absence of a coating layer between the magnetic core and TiO2 electrovalent linkage would probably have contributed to the low magnetic susceptibility of the composite.



Wu et al. studied the effect of rare-earth substitution on the structural and magnetic properties of cobalt ferrite using Pr3+, Sm3+, Tb3+ and Ho3+ via a hydrothermal route [72]. All rare-earth-substituted metals resulted in a decrease in the nanomaterial’s saturation magnetization (Ms). The bare CoFe2O4 had an Ms value of 82.2 emug−1, while Pr(III)-, Sm(III)-, Tb(III)- and Ho(III)-substituted composites had Ms values of 62.5 emug−1, 60.2 emug−1, 58.4 emug−1 and 58.8 emug−1, respectively. However, the reported saturation magnetization values should be high enough for magnetization from an environmental medium. Remanent magnetization (Br) decreased for all substituted rare-earth metals; the same was reported for coercivity (Hc). CoFe2O4 had Hc value of 576 Oe while Br was 20.7 emug−1. The rare-earth-substituted composites had values within the range of 240 to 375 Oe for coercivity and 10.2 to 17.3 for remanence. This shows that rare-earth substitution promotes the production of soft magnetic composites that would require less magnetic field strength for magnetization while it reduces the remanence value, which contributes to the agglomeration of composites in environmental media.



Mattila et al. produced cobalt nanoparticles starting with CoCl2 powder. The magnetic nanoparticles were coated with carbon and functionalized separately using both 3-aminopropyltriethoxysilane (APTES) and 3-mercatopropyltrimethoxysilane (MPTS) [97]. The stability test of the composite was conducted using Inductively Coupled Plasma-Mass Spectrometry to access cobalt (Co) content in Milli-Q water samples for a maximum of 35 d. The values of leached Co obtained were negligible. Magnetic properties for the cobalt nanoparticles were not reported. Rao et al. produced small magnesium-substituted cobalt ferrite nanoparticles of 4 nm via the sol–gel chemical method [98]. The Curie temperature of the produced nanoparticles was in the range of 446–476 °C; the saturation magnetization (Ms) range was 67.1–84.6 emug−1, while coercivity was quite high at 885 Oe. Recently, Santos and co-workers produced a binary magnetic core with nickel-cobalt oxide nanoparticles (NiCo2O4) using Ni(NO3)2·6H2O and Co(NO3)2·6H2O [99]. The magnetic core was effectively deposited on reduced graphene oxide to form a nanostructure with a mean particle size in the range of 8–10 nm. The surface area was 108 m2/g, while saturation magnetization was 21.9 emug−1.




2.3. Protective or Coating Shells for Magnetic Oxide Nanoparticles


Magnetic oxide nanoparticles (MIONs) are usually coated to protect the core magnetic component from degradation and to enhance stability in aqueous media; the protective covering is normally the sacrificial layer during thermalizing for further functionalization. Several authors have adopted silicon(IV) oxide in the form of tetraethyl orthosilicate (TEOS) for surface coating. Silicon(IV) oxide is commonly adopted because of its chemical inertness, hydrophilicity, non-toxicity and the ease of further modification [69,100]. Polymer-stabilized magnetic iron composites are achieved by heating at a high temperature in an oxygen-free environment. Carbon can effectively protect the Fe3O4 sphere from corrosion by an acidic medium because its dense structure can block the penetration of hydrogen ions, it also adds very little to the mass of the composite [11,69,101]. The large molecular weight of polymer enhances the surface area of the composite, which is a viable property for biological and environmental applications.



Increasing the silica shell to 56 nm reduced the Ms value to 3 emug−1 from an initial value of 61 emug−1 [102]. Im et al. reported a very low Ms value of approximately 0.3 emug−1 for silicon(IV) oxide-coated magnetic nanoparticles with a diameter of 700 nm [103]. In the work of Zou et al., bare Fe3O4 particles had a value of 69 emug−1; but on increasing the TEOS content to 1.6 mL, the magnetization value reduced to 8.2 emug−1 [100]. Furthermore, the composite size exceeded 100 nm, which limits their biological use. Hydrazine was used as a catalyst to prevent the oxidation of Fe3O4 in place of an inert gas at a temperature of 90 °C. Ge et al. produced magnetic oxide nanoparticles in a core-shell-shell arrangement (Fe3O4@APS@AA-co-CA); the uncoated magnetic oxide nanoparticles had a saturation magnetization value of 79 emug−1, while the composite had a reduced value of 52 emug−1 [70]. The Fe3O4@SiO2@NH2 composite by Wang et al. [63] had an Ms value of 68.0 emug−1 for uncoated Fe3O4, while the composite Ms value was reduced to about half, to 34 emug−1. The particle size increased from 12.09 nm to 13.36 nm for both the uncoated Fe3O4 and the composite. Replacing hydrophilic iron oxide nanoparticles with organophilic ones greatly improved the magnetic response of silica-loaded superparamagnetic iron oxide nanoparticles. Varying the ratio of TEOS and iron oxide controlled the size of the iron oxide-silica colloid via the Stober process [103]. The TEM analysis (Figure 4) of polyacrylamide-functionalized magnetic oxide carbon-coated nanoparticles showed a homogenous distribution of the particle in the matrix; the composite also showed resistance to leaching in an acidic medium [11]. The polyacrylamide coating on the composite helped formed a dense anti-corrosive layer on the particles, as evident in the SEM image (Figure 4). Though with a very low surface area of 8.3 m2/g, the composite showed improved adsorption of metal cations at room temperature. The optimum pH was 6 and the equilibration time was 90 min. Organic surfactants, such as oleic acid or trisodium citrate, have been used to control the size and obtain stable magnetic nanoparticle dispersion. Trisodium citrate played dual functions as a reducing agent and capping stabilizer [52]. Recently, Guivar and co-workers effectively used titanium(IV) oxide to form a protective photocatalytic layer on maghemite nanoparticles [104]. The composite had high sorption for As(III) and As(V) ions after 20 h and was effective within a wide pH range; the adsorbent was recoverable with a permanent magnet within less than 10 min. Comparatively, it can be inferred that organic coatings have a lower reducing effect on composites’ magnetic properties, while inorganic coatings tend to greatly reduce the Ms value. The aggregation and agglomeration of nanoparticles arising from the attractive magnetic force between the particles, which limit their surface interaction with adsorbates, were better curtailed using inorganic moieties. Further study is needed on the development of novel magnetic oxide nanocomposites with hybridized potentials of both organic and inorganic coatings.




2.4. Functionalizers for Magnetic Oxide Nanocomposites


Coated magnetic nanoparticles are often activated with different functional groups based on application. The oxidation of the carbonized shell produces oxidized groups on the magnetic core surface, thus enabling the reaction of alkoxysilanes bearing amino- and thiol-reactive functional groups; silanes are often used for the stabilization and functionalization of magnetic nanoparticles since they form a dense layer which can be covalently linked to metal oxides under mild conditions [97]. Badruddoza et al. exploited the ion exchange capability of phosphonium ligands covalently linked to magnetic iron oxide nanoparticles (PPhSi-MIONPs) for the removal of metal ions from water. It was discovered that the adsorption of As(V) and Cr(VI) were not affected by the presence of chloride, nitrate or sulphate in solution [5]; the cations of interest were substantially adsorbed. Magnetite nanoparticles were progressively capped with both 3-aminopropyl triethoxysilane (APTES) and acryloyl chloride (AC) by Mahdavian and Mirrahimi via a co-precipitation route [96]. The magnetic oxide composite gave a 90.3% yield and was used for the adsorption of Cd(II), Pb(II), Ni(II) and Cu(II). Maximum adsorption was observed for Pb(II) while Cd(II) was the least adsorbed. Manganese oxide-functionalized magnetite (Fe3O4@MnO2) was 80% efficient for the adsorption of metal cations and maintained strong adsorptive strength after five cycles; the equilibration time was 10 min [73]. Yew et al. synthesized spherical magnetite (Fe3O4) with an average particle size of 14.7 nm via a green synthetic route using seaweed (Kappaphycus alvarezii) as a reducing and stabilizing agent [105]. X-ray diffraction patterns confirmed the nanoparticle phase as magnetite and not maghemite; further characterizations were not reported but this facile and environment-friendly green route is promising for preparing nanocomposites for environmental and biomedical applications. Humic acid-coated magnetite nanoparticles (Fe3O4@HA) via a co-precipitation method effectively removed Hg(II) and Pb(II) to the tune of 99% in an equilibration time of 15 min [74]. The composite was stable in tap water, natural water and acidic and basic media. Composite leaching was also negligible, and the removal efficiency was dependent on the organic content of the adsorbate matrix. The produced nanocomposite (Fe2O3@TiO2@GO) by Guivar et al., with a size of 11.3 nm, was 73% and 85% efficient for the adsorption of As(III) and As(V) [104].



Polydispersity as defined by International Union of Pure and Applied Chemistry is the degree of non-uniformity of the size distribution of particles. It is an indication of the aggregation of the magnetic oxide composites. The higher the polydispersity index, the more dispersed the particles; a value close to zero denotes a monodisperse system. Nidhin et al. used alginate, chitosan and starch polysaccharides as templates for the narrow size production of iron oxide particles. As the ratio of polysaccharides increased, the polydispersity for both alginate and chitosan decreased but showed a disordered format for starch [82]. Si et al. described a facile co-precipitation method to prepare monodisperse magnetite nanoparticles from aqueous solution of Fe(II) salt at room temperature at pH 13. Two (2) water-soluble polymers (polyacrylic acid (PAA) and sodium salt of carboxymethyl cellulose (NaCMC)) were adopted as oxidizing or reducing agents; the particle sizes were in the range of 6.6 nm to 16.7 nm depending on the ratio of both precursors. The composite had a magnetization value of 38 emug−1 [106]. Gluconic acid, lactobionic acid and polyacrylic acid were used to achieve the biocompatibility of maghemite nanoparticles via a modified co-precipitation route; the study showed that gluconic acid-coated nanoparticles were more dispersed than the other surfactants. The hydrodynamic size was 90 nm, possibly due to hydrogen bond formation between the carboxyl groups on adjacent surfaces, causing cross-linking between particles [107].



The low cost of ZnO and its high potentials against pharmaceutically active compounds (PhACs) and persistent organic pollutants (POPs) makes modified ZnO a viable catalyst for the detoxification of various organic contaminants [108,109]. However, the photocorrosion of ZnO is a major limitation encountered in the wider application of ZnO due to the loss of Zn2+ in the water phase and a subsequent decrease in activity [108]. Wibomo et al. incorporated copper and nickel into Fe-doped ZnO nanoparticles using a co-precipitation route and found out that the dopants not only enhanced the ferromagnetic property of the composite but also changed the lattice constant and optical properties [110]. ZnO nanoparticles were doped with lanthanum via a gel combustion route and were found to be a better cytotoxic material for the photocatalytic decontamination of paracetamol than bare ZnO, and the band gap of the ZnO also showed a marked reduction [111]. Razieh had suggested a simple method for the preparation of nano sized ZnO using ZnSO4 and NH4OH precursors at a temperature of 60 °C for 8 h; XRD analysis revealed a crystallite size of 30 nm [112]. Hamid and co-workers prepared ZnO via a precipitation method using zinc nitrate as a precursor and KOH as a precipitating agent; the reaction time was not reported but both centrifuging and calcination periods were over 3 h and the produced nanoparticles were within the size range of 20–40 nm [113].



Surface modification can be used to tune the ultraviolet and visible light photo-luminescence properties of ZnO nanoparticles and prevent agglomeration [114]. The high dielectric constant of a solvent can leads to smaller particle size; slow addition is desirable for the reaction kinetics [114]. Ba-Abbad et al. prepared Fe3+-doped ZnO nanoparticles by a modified sol–gel method using zinc acetate, oxalic acetate and iron acetate precursors and reported a particle size range of 12–18 nm. Increasing the dopant percentage weight to 1.0 wt% resulted in the reduction of the band gap to 2.65 eV from 3.19 eV. The composite also showed an improved photocatalytic property [115]. Recently, Shoueir et al. designed a hybridized green Fenton line nanocatalyst (DNSA@chitosan@MnFe2O4) for the photodegradation of methylene blue (MB) [116]. They reported that 3,5-Dinitrosalicyclic acid@chitosan (DNSA@CS) was an effective photodecompositor and achieved a 98.9% degradation of methylene blue in 30 min. The redox ability of the composite facilitated the availability of electrons to improve the efficiency of the photodecomposition process.



Titanium(IV) oxide is chemically inert and widely available; titanium is the 9th most available metal on earth [117]. It responds to UV irradiation and has been adopted as a photocatalyst for the degradation of pharmaceutically active compounds and recyclable photocatalysis applications [95,108]. A major drawback in the application of TiO2 as a photocatalyst is the broad band gap within the range of 3.0–3.5 eV, which limits its absorption to the UV region, which is only about 5% of solar light, and the easy recombination of the photoexcited electron–hole pair [37,118]. Transition and noble metal doping, doping with carbon, dye sensitizers and metal impurities are some of the suggested approaches to enhance the photocatalytic properties of TiO2 [21,118,119]. Photocatalytic material should have a narrow band gap in the range of 1.23 to 3.0 eV for an optimum harvest of solar radiation [120]. The doping of TiO2 with magnetic oxide nanoparticles would help in the narrowing of its band gap value; the enhancement of its surface properties; and inducing magnetic properties which are desirable for the engineering of environment-responsive composites.




2.5. Magnetic Oxide Nanocomposites for Wastewater Treatment


The most studied nanosized metal oxides for metal remediation from aqueous media are iron oxides, manganese oxides, aluminum oxides and titanium oxides [121]. Among these, only iron oxides and manganese oxides are ferrimagnetic oxides. Other magnetic oxides, such as nickel and cobalt, are seldom studied for biological and environmental remediation because of their toxic potentials in aqueous media. Iron has the unique ability to exist in various oxidation states: Fe(0), Fe(II) and Fe(III), while the oxidation states from IV to VI are referred to as ferrates [122]. A major problem in the application of magnetic iron oxide nanoparticles (MIONs) is the air oxidation of iron(II). The air oxidation of magnetic iron oxide nanoparticles leads to the loss of magnetism and dispersibility [44]. Both magnetite and maghemite are ferrimagnetic as multi-domain materials (bulk materials); however, magnetite has a larger saturation magnetization, while maghemite is usually more stable in aqueous media [20]. Therefore, an analytical blend and ratio of both Fe(II) and Fe(III) are determinants for stability, saturation magnetization and particle size, shape and morphology. Nano zero-valent iron has a high reactivity towards a broad range of contaminants, including halogenated compounds, nitrates, phosphates, polycyclic aromatic hydrocarbons and heavy metals [123].



Adsorption is a thermodynamic equilibrium surface reaction that involves a net accumulation of a substance at the common boundary of two contiguous phases [124]. A state of equilibrium is achieved in the adsorption process when the concentrations of pollutants on the solid and in the solution become constant. At this state of equilibrium, the relationship between the amount of solid adsorbed and in solution is called an adsorption isotherm. Adsorption isotherms are important for the description of the interaction of adsorbate with adsorbent and are critical in optimizing the use of adsorbents. The presence of competing ions in solution can interfere with the active adsorption of a primary analyte. In the presence of co-existing ions, the adsorption of Cu(II) ions onto Fe3O4@SiO2@NH2 slightly decreased; the presence of humic acid had a negligible effect on the overall adsorption process [63]. The presence of SO42−, HCO3−, SiO32− and PO43− in solution did not affect the adsorption of As(III) to magnetic cellulose adsorbent [76].



Othman et al. produced magnetic graphene oxide which had 99.6% efficiency for the remediation of methylene blue from an aqueous medium [125]. The regeneration study was done using 1M acetic acid. Aigbe et al. proposed a novel method for the removal of Cr(VI) using a polypyrrole-functionalized magnetic composite; the magnetic composite had low saturation magnetization and a small surface area of 28.77 m2/g, though it was 99.2% effective in the remediation of Cr(VI) from aqueous solution [126]. Hu et al. effectively adopted adsorption and magnetic separation using maghemite for the remediation of Cr(VI) from aqueous media; after equilibration, the spent adsorbent was regenerated using 0.01M sodium hydroxide [84]. The capacity of the adsorbent remained unchanged after six cycles. The regeneration of Fe3O4@SiO2@NH2 adsorbent was feasible using a 1 mol/L HCl solution and had satisfactory adsorption after four cycles [63]. Cationic dyes were effectively desorbed from Fe3O4@APS@AA-co-CA using a mixture of methanol and acetic acid solution (acetic acid 5% v/v) [66]. The use of 0.01M NaOH as an eluent was effective for the desorption of Cr(VI) from maghemite nanoparticles [84]. The use of 0.1M HCl gave maximum recovery of metal ions after the adsorption of As(III) to a magnetic cellulose adsorbent [76]. Recently, Wanjeri et al. produced a magnetic composite of Fe3O4@SiO2@GO-PEA that effectively adsorbed within a wide pH range [77]. The magnetic composite was used for the adsorption of organophosphorus (OPP) pesticides. The modification of graphene oxide (GO) with 2-phenylethylamine (PEA) made the surface of the magnetic nanocomposite pH independent; the composite was reusable for a 10-cycle period. Mian and Liu synthesized a TiO2/Fe/FeC-biochar composite from sewage sludge as a heterogeneous catalyst for the degradation of methylene blue [127]. Chitosan inclusion improved the surface area and mesoporosity of the composite, enabling high catalytic activity in the dye degradation process through H2O2 activation. Cefotaxime, a ubiquitous antibiotic, was efficiently degraded by 82.48% after 100 min by a bimetallic nanocomposite (Co/Fe/MB) functionalized with alkali-modified biochar [128]. The researchers exploited the free electronic orbit of cobalt for the adsorption of atomic hydrogen and improved the degradation of the dye. The physiochemical and catalytic properties of N-doped metal/biochar were investigated by Mian and co-authors [129]. Composites prepared at a pyrolysis temperature of 800 °C (N-TiO2-Fe3O4-biochar) performed best. The broad band at 3400 cm−1 indicated the co-existence of NH and OH functional groups. The band gap of the composite at 1.94 eV would promote the effective harvest of solar energy in the visible region.



There are limited reports on the application of metal oxide composites as remediators for field wastewater. Wanjeri et al. [77] demonstrated the applicability of their composite for raw wastewater treatment by simulating the adsorption of organophosphorus pesticide using water from the Vaal dam and river. They reported 86.9% and 90.1% recovery of the pesticide from the dam and river simulated media, respectively. The removal of Cr(VI) by a polypyrrole magnetic composite was reported to be strongly dependent on the applied magnetic field strength [126]. Recently, Sun et al. [130] engineered a multifunctional iron-biochar composite for the simultaneous removal of toxic elements, inherent cations and hetero-chloride from hydraulic fracturing wastewater in an 8-h equilibration period. The study revealed that the ratio of iron to biochar in the composite had effects on the sorption of the pollutants. Maximum removal for Na, Ca, K, Mg, Sr and Ba cations was less than 30%; the researchers attributed the low sorption to the increased positive charge of the composite by iron loading and the corresponding electrostatic repulsion force on the cations. In addition, 1, 1, 2-trichloroethane had a maximum sorption at 91%, while Cr(VI) and As(V) were removed to the tune of 58.4% and 65.9%, respectively. The recyclability study of the magnetic composite, however, was not reported. The pseudo-second-order rate equation described the reaction kinetics of the pollutants from the wastewater better. The report of Sun and co-workers is a milestone in the investigation of multifunctional magnetic composite viability for wastewater treatment. More studies are needed on the removal of anions, polychlorinated biphenyls (PCBs), endocrine-disrupting chemicals, dioxins, radioactive compounds and other hydrophilic and hydrophobic pollutants for the informed modeling of raw wastewater treatment.




2.6. Mechanism of Pollutant Removal by Metal Oxide Nanocomposites


Since most pollutants are not magnetic, the application of a magnetic field to remove pollutants from wastewater treatment plants can help to decrease the time needed for sedimentation [131]. Furthermore, the adsorption of both hydrophobic and hydrophilic pollutants can be enhanced with the application of a magnetic field to direct adsorbents to pollutant hotspots. The adsorption process is mainly moderated by two environmental conditions, which are the temperature and pH of the reaction medium. The mechanism of the clearance of pollutants from an aqueous medium by magnetic oxide nanocomposites is also dependent on the adsorbate, adsorbent and the solution matrix. The nature of the composite in terms of its surface properties, as well as the nature and charge of the analyte of interest, are important considerations. For example, Cr(VI) exists as CrO42− at a pH greater than 6 and as Cr2O72− and HCrO4− at a pH lower than 6 [132]. The reduction of Cr(VI) to the less toxic Cr(III) has been identified as the route of clearance of Cr(VI) [133]. It has also been reported that the removal of Cr(VI) by magnetic biochar was via reduction by Feᴼ, followed by adsorption via ligand exchange with C-O and N-H functional groups on the iron-biochar nanocomposite [130]. In a pH range of 5.5–12.5, lead ions exist as Pb(OH)2 and as Pb(OH)42− at a pH greater than 12.5 [134,135]. Metal(II) ions were removed via surface adsorption and complexation, while inner sphere ligand exchange was responsible for the removal of As(V) [130]. Conclusively, when the pH of the solution is lower than the pH(pzc), the reaction medium becomes acidified and proton formation is favored over the hydroxide group [136]. This makes the nanocomposite’s surface positively charged and promotes the adsorption of anions. This then implies that, for an electropositive nanocomposite with a pH(pzc) greater than the pH of the medium, the adsorption of Pb(II) would be favorable at an alkaline pH, while Cr(VI) adsorption would be more favorable in an acidic pH.



Functionalized composites readily form dentate via their donor groups with metal ions on the surface of the composite; also, anions are adsorbed on the surface of the composite by electrostatic forces. Figure 5 gives an illustrative mechanism for the adsorption of some pollutants on a biochar-capped magnetite nanocomposite which has been functionalized using poly(3,4-ethylenedioxythiophene (PEDOT). The high sorption capacity of chlorpyrifos and parathion organophosphorus pesticides was related to the π-π interaction of the phenyl ring on the adsorbent, with the adsorbate in addition to hydrogen bonding [77]. Toluene, ethylbenzene and xylene were effectively adsorbed on the surface of functionalized multi-walled carbon nanotubes via hydrogen bonds and π-π interactions [137]. The sorption of six named dyes belonging to the indigoid, arylmethane and azo classes of dyes on Fe3O4@haemogloin were reported to be dominated by electrostatic interactions [12]. Adsorbed analytes are subsequently recovered by eluting with a suitable solvent (Figure 6). The ease of recovery of adsorbed pollutant(s) with a suitable solvent can be used to understand the sorption process. A physisorption process would be easily recovered, while a chemisorption process might be difficult because of potential bond formation between the adsorbate and adsorbent. In Figure 6, the desorption efficiencies of Pb(II) from the magnetic oxide after three cycles using 0.1 mol/L HCl as an eluent were 85.58%, 82.82% and 81.47%, respectively. The consistency of the recovery percentages communicates a physisorption process and a commercially adaptable composite; the complexation of Pb(II) with EDTA was easily dissociated using a dilute concentration of HCl.



The adsorptive properties of some selected magnetic oxide nanocomposites used for wastewater treatment are presented in Table 3 while saturation magnetization and adsorption kinetic parameters presented in Table 4. Adsorption data are useful parameters for the explanation of the adsorption process (Table 3 and Table 4). The thermodynamic quantities of Gibb’s free energy (ΔG), entropy (ΔS) and enthalpy (ΔH) give a quantitative measurement of the randomness of the system and heat involved in a reaction, respectively. For physisorption, enthalpy should fall within the range of 2.1–20.9 KJ mol−1, while chemisorption processes are 80–200 KJ mol−1) [138,139]. The Langmuir isotherm has been largely adopted by scientists as a modeling tool to describe the adsorption process; the separator factor (RL), a Langmuir-dependent parameter, indicates the affinity of the adsorbate to bind to the adsorbent, and a physisorption process must have a value less than unity [140,141]. A largely physisorption process would have an infinitesimal value for RL and vice versa. In the work of Guivar et al. [104], the calculated qe (amount of adsorbate adsorbed on adsorbent at equilibrium) for the pseudo-first order (PFO) was not consistent with the obtained value for adsorption capacity, prompting further extrapolation using the pseudo-second order (PSO), which had good linearity and agreement with the experimental equilibrium capacity. Most authors have reported the pseudo-second order (PSO) as a choice kinetics equation for the interpretation of the adsorption process. Recently, Shikuku et al. [142] reported errors in parameter estimation using a linearized adsorption isotherm. It is therefore imperative to compare both parameters for linear and non-linear forms of adsorption isotherms and their associated errors before statistically determining the goodness-of-fit model, considering the ubiquitous interaction of adsorbent-adsorbate in aqueous media. Several works considered during this review had not reported thermodynamic studies, hence the inability to extrapolate enthalpy, entropy and Gibb’s free energy of the adsorption process. Kinetics, isotherm and thermodynamic data of the reaction process are indispensable tools for industrial scale-up and design.





3. Conclusions


Magnetic oxide nanocomposites are eco-friendly adsorbents for wastewater treatment. The coating and functionalization processes reduce agglomeration and promote colloid stability. Furthermore, these nano adsorbents are applicable to range of pollutants, are easily recoverable and re-usable and are largely scalable and relatively cost effective. The synthetic route in addition to the nature of the capping and functionalizing moieties impacts the morphology and magnetic properties of the nanocomposites. Organic capping agents have a lower reducing effect than inorganics on the hysteresis loop of the magnetic oxide nanocomposite. Adsorption is a cheap, facile and robust method for the removal of pollutants from wastewater. However, the efficiency of the process is dependent on both the pH and temperature of the reaction matrix. More research is needed for the development of environmentally responsive and friendly nanocomposites with inherent capabilities to work within a wide pH and temperature range. An environment auto-moderated magnetic nanocomposite would harness natural sources of energy and significantly reduce chemical and engineering costs, while driving a green economy in tandem with the United Nations Sustainable Development Goals.



For better adaptation, more studies still need to be done on developing facile and environment-friendly methods to produce superparamagnetic nanocomposites with large saturation magnetization (Ms); high specific surface area; and anti-corrosive coating on the surface of the magnetic nanostructures, while providing abundant adsorption sites and efficient process design for the simultaneous adsorption and subsequent desorption of ubiquitous pollutants from wastewater. Studies on the optimal saturation magnetization values of magnetic oxide nanocomposites, recovery time and the adsorbate–adsorbent relationship in the presence of a magnetic field during adsorption are desirable for wastewater system engineering. Furthermore, kinetics and thermodynamic properties from pilot studies in the laboratory should be comprehensive and detailed to serve as a modeling tool for industrial scale-up and design. The applied effect(s) of a magnetic field in both biological and environmental media are also desirable for informed policy and environmental frameworks.







Funding


This research received no external funding.




Acknowledgments


The authors acknowledge the financial support of Eskom TESP and Sasol South Africa.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Feynman, R.P. There’s plenty of room at the bottom. Eng. Sci. 1959, 23. [Google Scholar]

	



Faraji, M.; Yamini, Y.; Rezaee, M. Magnetic nanoparticles: Synthesis, stabilization, functionalization, characterization, and applications. J. Iran. Chem. Soc. 2010, 7, 1–37. [Google Scholar] [CrossRef]

	



Zhu, J.; Wei, S.; Chen, M.; Gu, H.; Rapole, S.B.; Pallavkar, S.; Ho, T.C.; Hopper, J.; Guo, Z. Magnetic nanocomposites for environmental remediation. Adv. Powder Technol. 2013, 24, 459–467. [Google Scholar] [CrossRef]

	



Kanchi, S. Nanotechnology for water treatment. J. Environ. Anal. Chem. 2014, 1, 1–3. [Google Scholar] [CrossRef]

	



Badruddoza, A.Z.M.; Shawon, Z.B.Z.; Rahman, M.T.; Hao, K.W.; Hidajat, K.; Uddin, M.S. Ionically modified magnetic nanomaterials for arsenic and chromium removal from water. Chem. Eng. J. 2013, 225, 607–615. [Google Scholar] [CrossRef]

	



Dubey, S.; Banerjee, S.; Upadhyay, S.N.; Sharma, Y.C. Application of common nano-materials for removal of selected metallic species from water and wastewaters: A critical review. J. Mol. Liq. 2017, 240, 656–677. [Google Scholar] [CrossRef]

	



Bitar, A.; Vega-Chacón, J.; Lgourna, Z.; Fessi, H.; Jafelicci Jr, M.; Elaissari, A. Submicron silica shell–magnetic core preparation and characterization. Colloids Surf. A Phys. Eng. Asp. 2018, 537, 318–324. [Google Scholar] [CrossRef]

	



Li, K.; Cheng, D.; Yu, H.; Liu, Z. Process optimization and magnetic properties of soft magnetic composite cores based on phosphated and mixed resin coated Fe powders. J. Magn. Magn. Mater. 2020, 501, 166455. [Google Scholar] [CrossRef]

	



Fu, Q.-T.; He, T.-T.; Ying, R.-J. Preparation and Properties of Magnetic Hematite Core/Alumina Shell Nanospheres. Destech Trans. Eng. Technol. Res. 2017. [Google Scholar] [CrossRef]

	



Tenório-Neto, E.T.; Baraket, A.; Kabbaj, D.; Zine, N.; Errachid, A.; Fessi, H.; Kunita, M.H.; Elaissari, A. Submicron magnetic core conducting polypyrrole polymer shell: Preparation and characterization. Mater. Sci. Eng. C 2016, 61, 688–694. [Google Scholar] [CrossRef]

	



Habila, M.A.; ALOthman, Z.A.; El-Toni, A.M.; Labis, J.P.; Khan, A.; Al-Marghany, A.; Elafifi, H.E. One-Step Carbon Coating and Polyacrylamide Functionalization of Fe3O4 Nanoparticles for Enhancing Magnetic Adsorptive-Remediation of Heavy Metals. Molecules 2017, 22, 2074. [Google Scholar] [CrossRef] [PubMed]

	



Essandoh, M.; Garcia, R.A. Efficient removal of dyes from aqueous solutions using a novel hemoglobin/iron oxide composite. Chemosphere 2018, 206, 502–512. [Google Scholar] [CrossRef] [PubMed]

	



Abu-Dief, A.M.; Abdel-Fatah, S.M. Development and functionalization of magnetic nanoparticles as powerful and green catalysts for organic synthesis. Beni-Seuf Univ. J. Appl. Sci. 2018, 7, 55–67. [Google Scholar] [CrossRef]

	



Kumar, A.; Sharma, G.; Naushad, M.; Ala’a, H.; García-Peñas, A.; Mola, G.T.; Si, C.; Stadler, F.J. Bio-inspired and biomaterials-based hybrid photocatalysts for environmental detoxification: A review. Chem. Eng. J. 2019, 122937. [Google Scholar] [CrossRef]

	



Aguer, J.-P.; Richard, C. Influence of the excitation wavelength on the photoinductive properties of humic substances. Chemosphere 1999, 38, 2293–2301. [Google Scholar] [CrossRef]

	



Mohan, D.; Singh, K.P.; Singh, V.K. Wastewater treatment using low cost activated carbons derived from agricultural byproducts—A case study. J. Hazard. Mater. 2008, 152, 1045–1053. [Google Scholar] [CrossRef]

	



Lu, A.H.; Salabas, E.E.; Schüth, F. Magnetic nanoparticles: Synthesis, protection, functionalization, and application. Angew. Chem. Int. Ed. 2007, 46, 1222–1244. [Google Scholar] [CrossRef]

	



Jeong, U.; Teng, X.; Wang, Y.; Yang, H.; Xia, Y. Superparamagnetic colloids: Controlled synthesis and niche applications. Adv. Mater. 2007, 19, 33–60. [Google Scholar] [CrossRef]

	



Nnadozie, E.C.; Ajibade, P.A. Green synthesis and characterization of magnetite (Fe3O4) nanoparticles using Chromolaena odorata root extract for smart nanocomposite. Mater. Lett. 2020, 263, 127145. [Google Scholar] [CrossRef]

	



Colombo, M.; Carregal-Romero, S.; Casula, M.F.; Gutiérrez, L.; Morales, M.P.; Böhm, I.B.; Heverhagen, J.T.; Prosperi, D.; Parak, W.J. Biological applications of magnetic nanoparticles. Chem. Soc. Rev. 2012, 41, 4306–4334. [Google Scholar] [CrossRef]

	



Qu, X.; Alvarez, P.J.; Li, Q. Applications of nanotechnology in water and wastewater treatment. Water Res. 2013, 47, 3931–3946. [Google Scholar] [CrossRef] [PubMed]

	



Boskovic, L.; Altman, I.S.; Agranovski, I.E.; Braddock, R.D.; Myojo, T.; Choi, M. Influence of particle shape on filtration processes. Aerosol Sci. Technol. 2005, 39, 1184–1190. [Google Scholar] [CrossRef]

	



Tran, N.; Webster, T.J. Magnetic nanoparticles: Biomedical applications and challenges. J. Mater. Chem. 2010, 20, 8760–8767. [Google Scholar] [CrossRef]

	



Purbia, R.; Paria, S. Yolk/shell nanoparticles: Classifications, synthesis, properties, and applications. Nanoscale 2015, 7, 19789–19873. [Google Scholar] [CrossRef] [PubMed]

	



Taka, A.L.; Pillay, K.; Mbianda, X.Y. Nanosponge cyclodextrin polyurethanes and their modification with nanomaterials for the removal of pollutants from waste water: A review. Carbohydr. Polym. 2017, 159, 94–107. [Google Scholar] [CrossRef] [PubMed]

	



Orha, C.; Pode, R.; Manea, F.; Lazau, C.; Bandas, C. Titanium dioxide-modified activated carbon for advanced drinking water treatment. Process Saf. Environ. Prot. 2017, 108, 26–33. [Google Scholar] [CrossRef]

	



Lin, S.-H.; Teng, M.-Y.; Juang, R.-S. Adsorption of surfactants from water onto raw and HCl-activated clays in fixed beds. Desalination 2009, 249, 116–122. [Google Scholar] [CrossRef]

	



Sadeek, S.A.; Negm, N.A.; Hefni, H.H.; Wahab, M.M.A. Metal adsorption by agricultural biosorbents: Adsorption isotherm, kinetic and biosorbents chemical structures. Int. J. Biol. Macromol. 2015, 81, 400–409. [Google Scholar] [CrossRef]

	



Samrat, M.V.N.; Rao, K.K.; SenGupta, A.K.; Riotte, J.; Mudakavi, J. Defluoridation of reject water from a reverse osmosis unit and synthetic water using adsorption. J. Water Process Eng. 2018, 23, 327–337. [Google Scholar] [CrossRef]

	



Al-Harahsheh, M.; Hussain, Y.A.; Al-Zoubi, H.; Batiha, M.; Hammouri, E. Hybrid precipitation-nanofiltration treatment of effluent pond water from phosphoric acid industry. Desalination 2017, 406, 88–97. [Google Scholar] [CrossRef]

	



Mendow, G.; Grosso, C.I.; Sánchez, A.; Querini, C.A. Hybrid process for the purification of water contaminated with nitrites: Ion exchange plus catalytic reduction. Chem. Eng. Res. Des. 2017, 125, 348–360. [Google Scholar] [CrossRef]

	



Gonzalez, A.; Grágeda, M.; Ushak, S. Assessment of pilot-scale water purification module with electrodialysis technology and solar energy. Appl. Energy 2017, 206, 1643–1652. [Google Scholar] [CrossRef]

	



Chang, H.; Liu, B.; Liang, H.; Yu, H.; Shao, S.; Li, G. Effect of filtration mode and backwash water on hydraulically irreversible fouling of ultrafiltration membrane. Chemosphere 2017, 179, 254–264. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; He, Q.; Li, J. Smart core/shell nanocomposites: Intelligent polymers modified gold nanoparticles. Adv. Colloid Interface Sci. 2009, 149, 28–38. [Google Scholar] [CrossRef] [PubMed]

	



Saber, O.; Kotb, H.M. Designing Dual-Function Nanostructures for Water Purification in Sunlight. Appl. Sci. 2020, 10, 1786. [Google Scholar] [CrossRef]

	



Lai, C.; Huang, F.; Zeng, G.; Huang, D.; Qin, L.; Cheng, M.; Zhang, C.; Li, B.; Yi, H.; Liu, S. Fabrication of novel magnetic MnFe2O4/bio-char composite and heterogeneous photo-Fenton degradation of tetracycline in near neutral pH. Chemosphere 2019, 224, 910–921. [Google Scholar] [CrossRef]

	



El Ghissassi, F.; Baan, R.; Straif, K.; Grosse, Y.; Secretan, B.; Bouvard, V.; Benbrahim-Tallaa, L.; Guha, N.; Freeman, C.; Galichet, L. A review of human carcinogens—Part D: Radiation. Lancet Oncol. 2009, 10, 751–752. [Google Scholar] [CrossRef]

	



Liu, Z.; Liu, Y.; Shen, S.; Wu, D. Progress of recyclable magnetic particles for biomedical applications. J. Mater. Chem. B 2018, 6, 366–380. [Google Scholar] [CrossRef]

	



Bohara, R.A.; Thorat, N.D.; Pawar, S.H. Role of functionalization: Strategies to explore potential nano-bio applications of magnetic nanoparticles. RSC Adv. 2016, 6, 43989–44012. [Google Scholar] [CrossRef]

	



De Matteis, L.; Custardoy, L.; Fernández-Pacheco, R.; Magén, C.; de la Fuente, J.M.; Marquina, C.; Ibarra, M.R. Ultrathin MgO coating of superparamagnetic magnetite nanoparticles by combined coprecipitation and sol–gel synthesis. Chem. Mater. 2012, 24, 451–456. [Google Scholar] [CrossRef]

	



Yadav, R.S.; Kuřitka, I.; Vilcakova, J.; Havlica, J.; Kalina, L.; Urbánek, P.; Machovsky, M.; Skoda, D.; Masař, M.; Holek, M. Sonochemical synthesis of Gd3+ doped CoFe2O4 spinel ferrite nanoparticles and its physical properties. Ultrason. Sonochem. 2018, 40, 773–783. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.; Zheng, C.; Zhang, F.; Yang, Y.; Wu, G.; Yu, A.; Guan, N. Size-controlled synthesis of magnetite (Fe3O4) nanoparticles coated with glucose and gluconic acid from a single Fe (III) precursor by a sucrose bifunctional hydrothermal method. J. Phys. Chem. C 2009, 113, 16002–16008. [Google Scholar] [CrossRef]

	



Veintemillas-Verdaguer, S.; Morales, M.; Serna, C. Effect of the oxidation conditions on the maghemites produced by laser pyrolysis. Appl. Organomet. Chem. 2001, 15, 365–372. [Google Scholar] [CrossRef]

	



Mahdavi, M.; Ahmad, M.B.; Haron, M.J.; Namvar, F.; Nadi, B.; Rahman, M.Z.A.; Amin, J. Synthesis, surface modification and characterisation of biocompatible magnetic iron oxide nanoparticles for biomedical applications. Molecules 2013, 18, 7533–7548. [Google Scholar] [CrossRef] [PubMed]

	



Bibi, I.; Kamal, S.; Ahmed, A.; Iqbal, M.; Nouren, S.; Jilani, K.; Nazar, N.; Amir, M.; Abbas, A.; Ata, S. Nickel nanoparticle synthesis using Camellia Sinensis as reducing and capping agent: Growth mechanism and photo-catalytic activity evaluation. Int. J. Biol. Macromol. 2017, 103, 783–790. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.; Zeng, H. Size-controlled synthesis of magnetite nanoparticles. J. Am. Chem. Soc. 2002, 124, 8204–8205. [Google Scholar] [CrossRef]

	



Kumar, S.R.; Paulpandi, M.; ManivelRaja, M.; Mangalaraj, D.; Viswanathan, C.; Kannan, S.; Ponpandian, N. An in vitro analysis of H1N1 viral inhibition using polymer coated superparamagnetic Fe3O4 nanoparticles. RSC Adv. 2014, 4, 13409–13418. [Google Scholar] [CrossRef]

	



Liu, X.L.; Fan, H.M.; Yi, J.B.; Yang, Y.; Choo, E.S.G.; Xue, J.M.; Di Fan, D.; Ding, J. Optimization of surface coating on Fe3O4 nanoparticles for high performance magnetic hyperthermia agents. J. Mater. Chem. 2012, 22, 8235–8244. [Google Scholar] [CrossRef]

	



Hernández-Hernández, A.A.; Álvarez-Romero, G.A.; Castañeda-Ovando, A.; Mendoza-Tolentino, Y.; Contreras-López, E.; Galán-Vidal, C.A.; Páez-Hernández, M.E. Optimization of microwave-solvothermal synthesis of Fe3O4 nanoparticles. Coating, modification, and characterization. Mater. Chem. Phys. 2018, 205, 113–119. [Google Scholar] [CrossRef]

	



Lakshmanan, R.; Okoli, C.; Boutonnet, M.; Järås, S.; Rajarao, G.K. Microemulsion prepared magnetic nanoparticles for phosphate removal: Time efficient studies. J. Environ. Chem. Eng. 2014, 2, 185–189. [Google Scholar] [CrossRef]

	



Vereda, F.; de Vicente, J.; Hidalgo-Alvarez, R. Oxidation of ferrous hydroxides with nitrate: A versatile method for the preparation of magnetic colloidal particles. J. Colloid Interface Sci. 2013, 392, 50–56. [Google Scholar] [CrossRef] [PubMed]

	



Schärtl, W. Current directions in core–shell nanoparticle design. Nanoscale 2010, 2, 829–843. [Google Scholar] [CrossRef] [PubMed]

	



Wahajuddin, S.A. Superparamagnetic iron oxide nanoparticles: Magnetic nanoplatforms as drug carriers. Int. J. Nanomed. 2012, 7, 3445. [Google Scholar] [CrossRef]

	



Kumar, P.; Khanduri, H.; Pathak, S.; Singh, A.; Basheed, G.A.; Pant, R.P. Temperature selectivity for single phase hydrothermal synthesis of PEG-400 coated magnetite nanoparticle. Dalton Trans. 2020, 49, 8672–8683. [Google Scholar] [CrossRef]

	



Dudric, R.; Souca, G.; Szatmári, Á.; Szilárd, T.; Nitica, S.; Iacovita, C.; Moldovan, A.I.; Stiufiuc, R.; Tetean, R.; Burzo, E. Magnetite Nanoparticles for Medical Applications. In Proceedings of the AIP Conference, Tamil Nadu, India, 21–22 February 2020. [Google Scholar]

	



Mascolo, M.C.; Pei, Y.; Ring, T.A. Room temperature co-precipitation synthesis of magnetite nanoparticles in a large pH window with different bases. Materials 2013, 6, 5549–5567. [Google Scholar] [CrossRef] [PubMed]

	



Takai, Z.I.; Mustafa, M.K.; Asman, S.; Sekak, K.A. Preparation and characterization of magnetite (Fe3O4) nanoparticles by sol-gel method. J. Hum. Dev. Commun. 2019, 12, 37–46. [Google Scholar]

	



Abbas, M.; Takahashi, M.; Kim, C. Facile sonochemical synthesis of high-moment magnetite (Fe3O4) nanocube. J. Nanopart. Res. 2013, 15, 1354. [Google Scholar] [CrossRef]

	



Vega-Chacón, J.; Picasso, G.; Avilés-Félix, L.; Jafelicci Jr, M. Influence of synthesis experimental parameters on the formation of magnetite nanoparticles prepared by polyol method. Adv. Nat. Sci. Nanosci. Nanotechnol. 2016, 7, 015014. [Google Scholar] [CrossRef]

	



Fajaroh, F.; Setyawan, H.; Widiyastuti, W.; Winardi, S. Synthesis of magnetite nanoparticles by surfactant-free electrochemical method in an aqueous system. Adv. Powder Technol. 2012, 23, 328–333. [Google Scholar] [CrossRef]

	



Asab, G.; Zereffa, E.A.; Abdo Seghne, T. Synthesis of Silica-Coated Fe3O4 Nanoparticles by Microemulsion Method: Characterization and Evaluation of Antimicrobial Activity. Int. J. Biomater. 2020, 4783612. [Google Scholar] [CrossRef]

	



Chanteau, B.; Fresnais, J.; Berret, J.-F. Electrosteric enhanced stability of functional sub-10 nm cerium and iron oxide particles in cell culture medium. Langmuir 2009, 25, 9064–9070. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Zheng, S.; Shao, Y.; Liu, J.; Xu, Z.; Zhu, D. Amino-functionalized Fe3O4@SiO2 core-shell magnetic nanomaterial as a novel adsorbent for aqueous heavy metals removal. J. Colloid Interface Sci. 2010, 349, 293–299. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.; Zhang, Y.; Zhang, Z.; Shen, Y.; Zhao, M.; Pan, G. Study on the adsorption of Ca2+, Cd2+ and Pb2+ by magnetic Fe3O4 yeast treated with EDTA dianhydride. Chem. Eng. J. 2011, 168, 737–745. [Google Scholar] [CrossRef]

	



Mao, G.-Y.; Yang, W.-J.; Bu, F.-X.; Jiang, D.-M.; Zhao, Z.-J.; Zhang, Q.-H.; Fang, Q.-C.; Jiang, J.-S. One-step hydrothermal synthesis of Fe3O4@ C nanoparticles with great performance in biomedicine. J. Mater. Chem. B 2014, 2, 4481–4488. [Google Scholar] [CrossRef] [PubMed]

	



Ge, F.; Ye, H.; Li, M.-M.; Zhao, B.-X. Efficient removal of cationic dyes from aqueous solution by polymer-modified magnetic nanoparticles. Chem. Eng. J. 2012, 198–199, 11–17. [Google Scholar] [CrossRef]

	



Cheng, J.; Tan, G.; Li, W.; Li, J.; Wang, Z.; Jin, Y. Preparation, characterization and in vitro photodynamic therapy of a pyropheophorbide-a-conjugated Fe3O4 multifunctional magnetofluorescence photosensitizer. RSC Adv. 2016, 6, 37610–37620. [Google Scholar] [CrossRef]

	



Cheng, J.; Tan, G.; Li, W.; Zhang, H.; Wu, X.; Wang, Z.; Jin, Y. Facile synthesis of chitosan assisted multifunctional magnetic Fe3O4@SiO2@CS@pyropheophorbide-a fluorescent nanoparticles for photodynamic therapy. New J. Chem. 2016, 40, 8522–8534. [Google Scholar] [CrossRef]

	



Cheng, T.; Zhang, D.; Li, H.; Liu, G. Magnetically recoverable nanoparticles as efficient catalysts for organic transformations in aqueous medium. Green Chem. 2014, 16, 3401–3427. [Google Scholar] [CrossRef]

	



Ge, F.; Li, M.-M.; Ye, H.; Zhao, B.-X. Effective removal of heavy metal ions Cd2+, Zn2+, Pb2+, Cu2+ from aqueous solution by polymer-modified magnetic nanoparticles. J. Hazard. Mater. 2012, 211–212, 366–372. [Google Scholar] [CrossRef]

	



Rajput, S.; Singh, L.P.; Pittman Jr, C.U.; Mohan, D. Lead (Pb2+) and copper (Cu2+) remediation from water using superparamagnetic maghemite (γ-Fe2O3) nanoparticles synthesized by Flame Spray Pyrolysis (FSP). J. Colloid Interface Sci. 2017, 492, 176–190. [Google Scholar] [CrossRef]

	



Wu, X.; Ding, Z.; Song, N.; Li, L.; Wang, W. Effect of the rare-earth substitution on the structural, magnetic and adsorption properties in cobalt ferrite nanoparticles. Ceram. Int. 2016, 42, 4246–4255. [Google Scholar] [CrossRef]

	



Kim, E.-J.; Lee, C.-S.; Chang, Y.-Y.; Chang, Y.-S. Hierarchically structured manganese oxide-coated magnetic nanocomposites for the efficient removal of heavy metal ions from aqueous systems. ACS Appl. Mater. Interfaces 2013, 5, 9628–9634. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.-F.; Zhao, Z.-s.; Jiang, G.-b. Coating Fe3O4 magnetic nanoparticles with humic acid for high efficient removal of heavy metals in water. Environ. Sci. Technol. 2008, 42, 6949–6954. [Google Scholar] [CrossRef] [PubMed]

	



Shin, S.; Jang, J. Thiol containing polymer encapsulated magnetic nanoparticles as reusable and efficiently separable adsorbent for heavy metal ions. ChemComm 2007, 41, 4230–4232. [Google Scholar] [CrossRef]

	



Zhou, S.; Wang, D.; Sun, H.; Chen, J.; Wu, S.; Na, P. Synthesis, characterization, and adsorptive properties of magnetic cellulose nanocomposites for arsenic removal. Water Air Soil Pollut. 2014, 225, 1945. [Google Scholar] [CrossRef]

	



Wanjeri, V.; Sheppard, C.; Prinsloo, A.; Ngila, J.; Ndungu, P. Isotherm and kinetic investigations on the adsorption of organophosphorus pesticides on graphene oxide based silica coated magnetic nanoparticles functionalized with 2-phenylethylamine. J. Environ. Chem. Eng. 2018, 6, 1333–1346. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, W.; Zhang, Y.; Zeng, T.; Jia, C.; Chang, L. Loading Cu-doped magnesium oxide onto surface of magnetic nanoparticles to prepare magnetic disinfectant with enhanced antibacterial activity. Colloids Surf. B 2018, 161, 433–441. [Google Scholar] [CrossRef]

	



Ali, A.; Hira Zafar, M.Z.; ul Haq, I.; Phull, A.R.; Ali, J.S.; Hussain, A. Synthesis, characterization, applications, and challenges of iron oxide nanoparticles. Nanotechnol. Sci. Appl. 2016, 9, 49. [Google Scholar] [CrossRef]

	



Abdulla-Al-Mamun, M.; Kusumoto, Y.; Zannat, T.; Horie, Y.; Manaka, H. Au-ultrathin functionalized core-shell (Fe3O4@Au) monodispersed nanocubes for a combination of magnetic/plasmonic photothermal cancer cell killing. RSC Adv. 2013, 3, 7816–7827. [Google Scholar] [CrossRef]

	



Wu, W.; He, Q.; Jiang, C. Magnetic iron oxide nanoparticles: Synthesis and surface functionalization strategies. Nanoscale Res. Lett. 2008, 3, 397. [Google Scholar] [CrossRef]

	



Nidhin, M.; Indumathy, R.; Sreeram, K.; Nair, B.U. Synthesis of iron oxide nanoparticles of narrow size distribution on polysaccharide templates. Bull. Mater. Sci. 2008, 31, 93–96. [Google Scholar] [CrossRef]

	



Chen, S.; Feng, J.; Guo, X.; Hong, J.; Ding, W. One-step wet chemistry for preparation of magnetite nanorods. Mater. Lett. 2005, 59, 985–988. [Google Scholar] [CrossRef]

	



Hu, J.; Chen, G.; Lo, I.M. Removal and recovery of Cr (VI) from wastewater by maghemite nanoparticles. Water Res. 2005, 39, 4528–4536. [Google Scholar] [CrossRef] [PubMed]

	



Aivazoglou, E.; Metaxa, E.; Hristoforou, E. Microwave-assisted synthesis of iron oxide nanoparticles in biocompatible organic environment. AIP Adv. 2018, 8, 048201. [Google Scholar] [CrossRef]

	



Parveen, S.; Wani, A.H.; Shah, M.A.; Devi, H.S.; Bhat, M.Y.; Koka, J.A. Preparation, characterization and antifungal activity of iron oxide nanoparticles. Microb. Pathog. 2018, 115, 287–292. [Google Scholar] [CrossRef]

	



Mandel, K.; Hutter, F.; Gellermann, C.; Sextl, G. Modified superparamagnetic nanocomposite microparticles for highly selective HgII or CuII separation and recovery from aqueous solutions. ACS Appl. Mater. Interfaces 2012, 4, 5633–5642. [Google Scholar] [CrossRef]

	



Brown, P.; Hope-Weeks, L.J. The synthesis and characterization of zinc ferrite aerogels prepared by epoxide addition. J. Solgel Sci. Technol. 2009, 51, 238–243. [Google Scholar] [CrossRef]

	



Osborne, E.A.; Atkins, T.M.; Gilbert, D.A.; Kauzlarich, S.M.; Liu, K.; Louie, A.Y. Rapid microwave-assisted synthesis of dextran-coated iron oxide nanoparticles for magnetic resonance imaging. Nanotechnology 2012, 23, 215602. [Google Scholar] [CrossRef]

	



Tsuji, M.; Hashimoto, M.; Nishizawa, Y.; Kubokawa, M.; Tsuji, T. Microwave-assisted synthesis of metallic nanostructures in solution. Chem. Eur. J. 2005, 11, 440–452. [Google Scholar] [CrossRef]

	



Cao, W.; Chen, Z.; Gao, T.; Zhou, D.; Leng, X.; Niu, F.; Zhu, Y.; Qin, L.; Wang, J.; Huang, Y. Rapid synthesis of single-phase bismuth ferrite by microwave-assisted hydrothermal method. Mater. Chem. Phys. 2016, 175, 1–5. [Google Scholar] [CrossRef]

	



Grindi, B.; Beji, Z.; Viau, G.; BenAli, A. Microwave-assisted synthesis and magnetic properties of M-SrFe12O19 nanoparticles. J. Magn. Magn. Mater. 2018, 449, 119–126. [Google Scholar] [CrossRef]

	



Kombaiah, K.; Vijaya, J.J.; Kennedy, L.J.; Bououdina, M.; Ramalingam, R.J.; Al-Lohedan, H.A. Okra extract-assisted green synthesis of CoFe2O4 nanoparticles and their optical, magnetic, and antimicrobial properties. Mater. Chem. Phys. 2018, 204, 410–419. [Google Scholar] [CrossRef]

	



Jarlborg, T.; Peter, M. Electronic structure, magnetism and Curie temperatures in Fe, Co and Ni. J. Magn. Magn. Mater. 1984, 42, 89–99. [Google Scholar] [CrossRef]

	



Haw, C.; Chiu, W.; Rahman, S.A.; Khiew, P.; Radiman, S.; Shukor, R.A.; Hamid, M.A.A.; Ghazali, N. The design of new magnetic-photocatalyst nanocomposites (CoFe2O4–TiO2) as smart nanomaterials for recyclable-photocatalysis applications. New J. Chem. 2016, 40, 1124–1136. [Google Scholar] [CrossRef]

	



Mahdavian, A.R.; Mirrahimi, M.A.-S. Efficient separation of heavy metal cations by anchoring polyacrylic acid on superparamagnetic magnetite nanoparticles through surface modification. Chem. Eng. J. 2010, 159, 264–271. [Google Scholar] [CrossRef]

	



Mattila, P.; Heinonen, H.; Loimula, K.; Forsman, J.; Johansson, L.-S.; Tapper, U.; Mahlberg, R.; Hentze, H.-P.; Auvinen, A.; Jokiniemi, J. Scalable synthesis and functionalization of cobalt nanoparticles for versatile magnetic separation and metal adsorption. J. Nanopart. Res. 2014, 16, 2606. [Google Scholar] [CrossRef]

	



Rao, K.S.; Rao, P.A.; Varma, M.C.; Rao, K. Development of least sized magnetic nanoparticles with high saturation magnetization. J. Alloy. Compd. 2018, 750, 838–847. [Google Scholar] [CrossRef]

	



Santos, C.; Pereira, L.; Carmezim, M. Reduced graphene oxide nanoplatform loaded with nickel-cobalt oxide nanoparticles: Controllable synthesis and physical chemical properties. Mater. Des. 2018, 142, 66–73. [Google Scholar] [CrossRef]

	



Zou, J.; Peng, Y.-G.; Tang, Y.-Y. A facile bi-phase synthesis of Fe3O4@ SiO2 core–shell nanoparticles with tunable film thicknesses. RSC Adv. 2014, 4, 9693–9700. [Google Scholar] [CrossRef]

	



Kong, L.; Lu, X.; Bian, X.; Zhang, W.; Wang, C. Constructing carbon-coated Fe3O4 microspheres as antiacid and magnetic support for palladium nanoparticles for catalytic applications. ACS Appl. Mater. Interfaces 2010, 3, 35–42. [Google Scholar] [CrossRef]

	



Yang, D.; Hu, J.; Fu, S. Controlled synthesis of magnetite-silica nanocomposites via a Seeded Sol-gel approach. J. Phys. Chem. C 2009, 113, 7646–7651. [Google Scholar] [CrossRef]

	



Im, S.H.; Herricks, T.; Lee, Y.T.; Xia, Y. Synthesis and characterization of monodisperse silica colloids loaded with superparamagnetic iron oxide nanoparticles. Chem. Phys. Lett. 2005, 401, 19–23. [Google Scholar] [CrossRef]

	



Guivar, J.A.R.; Bustamante, A.; Gonzalez, J.; Sanches, E.A.; Morales, M.; Raez, J.M.; López-Muñoz, M.-J.; Arencibia, A. Adsorption of arsenite and arsenate on binary and ternary magnetic nanocomposites with high iron oxide content. Appl. Surf. Sci. 2018, 454, 87–100. [Google Scholar] [CrossRef]

	



Yew, Y.P.; Shameli, K.; Miyake, M.; Kuwano, N.; Khairudin, N.B.B.A.; Mohamad, S.E.B.; Lee, K.X. Green synthesis of magnetite (Fe3O4) nanoparticles using seaweed (Kappaphycus alvarezii) extract. Nanoscale Res. Lett. 2016, 11, 276. [Google Scholar] [CrossRef] [PubMed]

	



Si, S.; Kotal, A.; Mandal, T.K.; Giri, S.; Nakamura, H.; Kohara, T. Size-controlled synthesis of magnetite nanoparticles in the presence of polyelectrolytes. Chem. Mater. 2004, 16, 3489–3496. [Google Scholar] [CrossRef]

	



Dozier, D.; Palchoudhury, S.; Bao, Y. Synthesis of iron oxide nanoparticles with biological coatings. J. Sci. Health Univ Ala. 2010, 7, 16–18. [Google Scholar]

	



Cai, Z.; Dwivedi, A.D.; Lee, W.-N.; Zhao, X.; Liu, W.; Sillanpää, M.; Zhao, D.; Huang, C.-H.; Fu, J. Application of nanotechnologies for removing pharmaceutically active compounds from water: Development and future trends. Environ. Sci. Nano 2018, 5, 27–47. [Google Scholar] [CrossRef]

	



Lee, K.M.; Lai, C.W.; Ngai, K.S.; Juan, J.C. Recent developments of zinc oxide based photocatalyst in water treatment technology: A review. Water Res. 2016, 88, 428–448. [Google Scholar]

	



Wibowo, J.A.; Djaja, N.F.; Saleh, R. Cu-and Ni-Doping effect on structure and magnetic properties of Fe-doped ZnO nanoparticles. Adv. Mater. Phys. Chem. 2013, 3, 48. [Google Scholar] [CrossRef]

	



Shakir, M.; Faraz, M.; Sherwani, M.A.; Al-Resayes, S.I. Photocatalytic degradation of the Paracetamol drug using Lanthanum doped ZnO nanoparticles and their in-vitro cytotoxicity assay. J. Lumin. 2016, 176, 159–167. [Google Scholar] [CrossRef]

	



Razieh, S. A Simple Method for Preparation of Nanosized ZnO. Res. J. Chem. Sci. 2016, 5, 45–49. [Google Scholar]

	



Ghorbani, H.R.; Mehr, F.P.; Pazoki, H.; Rahmani, B.M. Synthesis of ZnO Nanoparticles by Precipitation Method. Orient. J. Chem. 2015, 31, 1219–1221. [Google Scholar] [CrossRef]

	



Ong, C.B.; Ng, L.Y.; Mohammad, A.W. A review of ZnO nanoparticles as solar photocatalysts: Synthesis, mechanisms and applications. Renew. Sustain. Energ. Rev. 2018, 81, 536–551. [Google Scholar] [CrossRef]

	



Ba-Abbad, M.M.; Kadhum, A.A.H.; Mohamad, A.B.; Takriff, M.S.; Sopian, K. Visible light photocatalytic activity of Fe3+-doped ZnO nanoparticle prepared via sol-gel technique. Chemosphere 2013, 91, 1604–1611. [Google Scholar] [CrossRef]

	



Shoueir, K.; El-Sheshtawy, H.; Misbah, M.; El-Hosainy, H.; El-Mehasseb, I.; El-Kemary, M. Fenton-like nanocatalyst for photodegradation of methylene blue under visible light activated by hybrid green DNSA@ Chitosan@ MnFe2O4. Carbohydr. Polym. 2018, 197, 17–28. [Google Scholar] [CrossRef]

	



Bavykin, D.V.; Friedrich, J.M.; Walsh, F.C. Protonated titanates and TiO2 nanostructured materials: Synthesis, properties, and applications. Adv. Mater. 2006, 18, 2807–2824. [Google Scholar] [CrossRef]

	



Cai, Z.; Zhao, X.; Wang, T.; Liu, W.; Zhao, D. Reusable platinum-deposited anatase/hexa-titanate nanotubes: Roles of reduced and oxidized platinum on enhanced solar-light-driven photocatalytic activity. ACS Sustain. Chem. Eng. 2016, 5, 547–555. [Google Scholar] [CrossRef]

	



Murgolo, S.; Petronella, F.; Ciannarella, R.; Comparelli, R.; Agostiano, A.; Curri, M.; Mascolo, G. UV and solar-based photocatalytic degradation of organic pollutants by nano-sized TiO2 grown on carbon nanotubes. Catal. Today 2015, 240, 114–124. [Google Scholar] [CrossRef]

	



Huang, G.; Zhu, X.; Li, H.; Wang, L.; Chi, X.; Chen, J.; Wang, X.; Chen, Z.; Gao, J. Facile integration of multiple magnetite nanoparticles for theranostics combining efficient MRI and thermal therapy. Nanoscale 2015, 7, 2667–2675. [Google Scholar] [CrossRef]

	



Hua, M.; Zhang, S.; Pan, B.; Zhang, W.; Lv, L.; Zhang, Q. Heavy metal removal from water/wastewater by nanosized metal oxides: A review. J. Hazard. Mater. 2012, 211, 317–331. [Google Scholar] [CrossRef]

	



Rai, P.K.; Lee, J.; Kailasa, S.K.; Kwon, E.E.; Tsang, Y.F.; Ok, Y.S.; Kim, K.-H. A critical review of ferrate (VI)-based remediation of soil and groundwater. Environ. Res. 2018, 160, 420–448. [Google Scholar] [CrossRef] [PubMed]

	



Tosco, T.; Papini, M.P.; Viggi, C.C.; Sethi, R. Nanoscale zerovalent iron particles for groundwater remediation: A review. J. Clean. Prod. 2014, 77, 10–21. [Google Scholar] [CrossRef]

	



Sposito, G. The Surface Chemistry of Soils; Oxford University Press: Oxford, UK, 1984. [Google Scholar]

	



Othman, N.H.; Alias, N.H.; Shahruddin, M.Z.; Bakar, N.F.A.; Him, N.R.N.; Lau, W.J. Adsorption Kinetics of Methylene Blue Dyes onto Magnetic Graphene Oxide. J. Environ. Chem. Eng. 2018, 6, 2803–2811. [Google Scholar] [CrossRef]

	



Aigbe, U.O.; Das, R.; Ho, W.H.; Srinivasu, V.; Maity, A. A novel method for removal of Cr (VI) using polypyrrole magnetic nanocomposite in the presence of unsteady magnetic fields. Sep. Purif. Technol. 2018, 194, 377–387. [Google Scholar] [CrossRef]

	



Mian, M.M.; Liu, G. Sewage sludge-derived TiO2/Fe/Fe3C-biochar composite as an efficient heterogeneous catalyst for degradation of methylene blue. Chemosphere 2019, 215, 101–114. [Google Scholar] [CrossRef]

	



Wu, H.; Feng, Q.; Lu, P.; Chen, M.; Yang, H. Degradation mechanisms of cefotaxime using biochar supported Co/Fe bimetallic nanoparticles. Environ. Sci. Water Res. Technol. 2018, 4, 964–975. [Google Scholar] [CrossRef]

	



Mian, M.M.; Liu, G.; Yousaf, B.; Fu, B.; Ahmed, R.; Abbas, Q.; Munir, M.A.M.; Ruijia, L. One-step synthesis of N-doped metal/biochar composite using NH3-ambiance pyrolysis for efficient degradation and mineralization of Methylene Blue. J. Environ. Sci. (China) 2019, 78, 29–41. [Google Scholar] [CrossRef]

	



Sun, Y.; Iris, K.; Tsang, D.C.; Cao, X.; Lin, D.; Wang, L.; Graham, N.J.; Alessi, D.S.; Komárek, M.; Ok, Y.S. Multifunctional iron-biochar composites for the removal of potentially toxic elements, inherent cations, and hetero-chloride from hydraulic fracturing wastewater. Environ. Int. 2019, 124, 521–532. [Google Scholar] [CrossRef]

	



Hatamie, A.; Parham, H.; Zargar, B.; Heidari, Z. Evaluating magnetic nano-ferrofluid as a novel coagulant for surface water treatment. J. Mol. Liq. 2016, 219, 694–702. [Google Scholar] [CrossRef]

	



Richard, F.C.; Bourg, A.C. Aqueous geochemistry of chromium: A review. Water Res. 1991, 25, 807–816. [Google Scholar] [CrossRef]

	



Zhou, L.; Liu, Y.; Liu, S.; Yin, Y.; Zeng, G.; Tan, X.; Hu, X.; Hu, X.; Jiang, L.; Ding, Y. Investigation of the adsorption-reduction mechanisms of hexavalent chromium by ramie biochars of different pyrolytic temperatures. Bioresour. Technol. 2016, 218, 351–359. [Google Scholar] [CrossRef] [PubMed]

	



Ucun, H.; Bayhana, Y.K.; Kaya, Y.; Cakici, A.; Algur, O.F. Biosorption of lead (II) from aqueous solution by cone biomass of Pinus sylvestris. Desalination 2003, 154, 233–238. [Google Scholar] [CrossRef]

	



Xiang, B.; Ling, D.; Lou, H.; Gu, H. 3D hierarchical flower-like nickel ferrite/manganese dioxide toward lead (II) removal from aqueous water. J. Hazard. Mater. 2017, 325, 178–188. [Google Scholar] [CrossRef] [PubMed]

	



Abdulrahman Oyekanmi, A.; Abd Latiff, A.A.; Daud, Z.; Saphira Radin Mohamed, R.M.; Ismail, N.; Ab Aziz, A.; Rafatullah, M.; Hossain, K.; Ahmad, A.; Kamoldeen Abiodun, A. Adsorption of cadmium and lead from palm oil mill effluent using bone-composite: Optimisation and isotherm studies. Int. J. Environ. Anal. Chem. 2019, 99, 707–725. [Google Scholar] [CrossRef]

	



Yu, F.; Ma, J.; Wang, J.; Zhang, M.; Zheng, J. Magnetic iron oxide nanoparticles functionalized multi-walled carbon nanotubes for toluene, ethylbenzene and xylene removal from aqueous solution. Chemosphere 2016, 146, 162–172. [Google Scholar] [CrossRef] [PubMed]

	



Saǧ, Y.; Kutsal, T. Determination of the biosorption heats of heavy metal ions on Zoogloea ramigera and Rhizopus arrhizus. Biochem. Eng. J. 2000, 6, 145–151. [Google Scholar] [CrossRef]

	



Khosa, M.; Ullah, A. Mechanistic insight into protein supported biosorption complemented by kinetic and thermodynamics perspectives. Adv. Colloid Interface Sci. 2018, 261, 28–40. [Google Scholar] [CrossRef]

	



Lakshmi, U.R.; Srivastava, V.C.; Mall, I.D.; Lataye, D.H. Rice husk ash as an effective adsorbent: Evaluation of adsorptive characteristics for Indigo Carmine dye. J. Environ. Manag. 2009, 90, 710–720. [Google Scholar] [CrossRef]

	



Hall, K.R.; Eagleton, L.C.; Acrivos, A.; Vermeulen, T. Pore-and solid-diffusion kinetics in fixed-bed adsorption under constant-pattern conditions. Ind. Eng. Chem. Fundam. 1966, 5, 212–223. [Google Scholar] [CrossRef]

	



Shikuku, V.O.; Kowenje, C.O.; Kengara, F.O. Errors in parameters estimation using linearized adsorption isotherms: Sulfadimethoxine adsorption onto kaolinite clay. Chem. Sci. Int. J. 2018, 23, 1–6. [Google Scholar] [CrossRef]








[image: Molecules 25 04110 g001 550] 





Figure 1. Hysteresis loops for ferromagnetic material and magnetite nanoparticles. 
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Figure 2. Pictorial representation of a temperature-responsive smart nanocomposite, showing selective adsorptions of Cu2+ and Pb2+ at 30 °C and 50 °C, respectively. 
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Figure 3. (a) Coated and (b) functionalized magnetic oxide nanocomposites. 
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Figure 4. SEM (A) and TEM (B) images of polyacrylamide-functionalized magnetite, showing a dense anti-corrosive surface and uniform distribution of magnetite nanoparticles in the polyacrylamide capping moiety [11]. 
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Figure 5. Proposed mechanism for the removal of some pollutants on a biochar-capped and poly(3,4-ethylenedioxythiophene)-functionalized composite [130]. 
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Figure 6. Recovery plot of Pb(II) ions from Fe3O4@yeast/EDTA composite after three cycles [64]. 
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Table 1. Comparative analysis of preparation methods for magnetite nanoparticles.
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	Nos
	Method
	Advantages
	Disadvantages
	* Cost
	Ref





	1.
	Hydrothermal
	Single step synthesis; high Ms value; highly crystalline particles
	Cubic particles; large particle sizes; long reaction time; polydispered size distribution; high reaction temperature
	$44.01
	[54]



	2.
	Thermal Decomposition
	Medium particle sizes; high Ms; short reaction time
	Cubic–spherical shapes; polydispered size distribution
	$73.84
	[55]



	3.
	Co-precipitation
	Spherical and small particles; high Ms; low reaction temperature; one-step synthesis; monodispered size distribution
	Agglomerated particles
	$39.50
	[56]



	4.
	Sol-gel
	Spherical nanoparticles; small particle sizes
	Polydispered size distribution; long reaction time; multi-step reaction process
	$99.12
	[57]



	5.
	Sonochemical
	High Ms; short reaction time; one-step reaction;
	Nanocubes; large particle sizes; polydispered size distribution
	$84.39
	[58]



	6.
	Polyol
	Spherical and small particles; moderate Ms; monodispered size distribution
	Multi-precursors and reaction steps.
	$141.07
	[59]



	7.
	Electrochemical
	High Ms; small particle size; monodispered size distribution; room temperature synthesis
	Prone to impurity; quasi-spherical particles; hydrophobic nanoparticles
	$32.55
	[60]



	8.
	Microemulsion
	Small particle size; monophased product; monodispered size distribution
	Agglomerated and cubic particles; multi-precursors
	$242.72
	[61]







* Particle size: small (2–15 nm); medium (16–25 nm); large (26 nm and above); saturation magnetization (Ms): low (0–30 emug−1); moderate (31–69 emug−1); high (70 emug−1 and above); total cost was calculated based on the cost of (1g or 1L) of primary precursor(s) as obtained from (MERCK South Africa) and energy cost per Kwh of electricity (https://www.globalpetrolprices.com/data_electricity_download.php).
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Table 2. Synthetic methods for magnetic oxide adsorbents: merits and demerits.
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	Material
	Method of Synthesis
	* Functionalizer
	Comment
	Ref.





	Fe3O4
	Co-precipitation
	PPhSi
	Saturation magnetization (Ms) value of 68 emug−1 is close to Ms value of magnetite. Less bulky phosphonium group must have enhanced Ms value. TEM images showed particles were an average of 12 nm and spherical. Morphology is desirable for wastewater treatment.
	[5]



	Fe3O4@C
	Hydrothermal
	polyacrylamide
	Cubic particle size in the range of 50–70 nm are limitations for the application of the composite for wastewater treatment. Furthermore, polyacrylamide decreased Ms value from 67 emug−1 to 31 emug−1.
	[11]



	Fe3O4@SiO2
	Co-precipitation
	APTMS
	Low Ms value of 34 emug−1 is attributed to the bulky silanol group; however, an average particle size of 18 nm is desirable for a superparamagnetic composite.
	[63]



	Fe3O4@yeast
	Co-precipitation
	EDTAD
	Particle size, saturation magnetization, and shape were not reported. The presence of EDTAD as a functionalizer is desirable in the complexation and adsorption of Pb2+, Ca2+, Cd2+.
	[64]



	Fe3O4@APS
	Co-precipitation
	AA-co-CA
	The cubic shape of the particles can limit its application in wastewater treatment; however, Ms value of 52 emug−1 and size of 18 nm are good merits.
	[66]



	Fe3O4@APS
	Co-precipitation
	APS
	Average particle size of 15 nm and Ms value of 67 emug−1 are desirable for wastewater treatment. Cubic-structured particles can pose limitations during clearance.
	[70]



	γ-Fe2O3
	Flame spray pyrolysis
	-
	The comparatively low saturation magnetization of 44.5 emug−1 and platelet shape of the particles are quite a limitation. However, average particle size of 10 nm is desirable.
	[71]



	CoFe2O4
	Hydrothermal
	Pr3+, Sm3+, Tb3+, Ho3+
	High reaction temperature gives little control over the properties of the particles, resulting in quasi-spherical agglomerated particles. Nevertheless, particle size of 9.2 nm and Ms value of 60 emug−1 are desirable.
	[72]



	Fe3O4
	Hydrothermal
	MnO2
	Reported average size of 60 nm and slightly agglomerated quasi-shaped particles are limitations of nanocomposite application in wastewater treatment. Ms value of 40 emug−1 should be enough for magnetic recovery.
	[73]



	Fe3O4
	Co-precipitation
	Humic acid
	High Ms value of 79.6 emug−1 and particle size of 10 nm showed humic acid sparingly affected the magnetic properties of the nanoparticles. TEM images of composites were spherical and showed no agglomeration.
	[74]



	Fe3O4
	Chemical precipitation
	PEDOT
	Monodispersed and spherical particles of 11 nm are desirable for wastewater treatment. However, saturation magnetization value of 24 emug−1 is relatively small when compared to bare magnetite nanoparticles.
	[75]



	Fe-oxide
	Biological
	Cellulose
	Reported mixture of rod- and cone-shaped particles with grain size range of 40–110 nm can affect sustained magnetic response and clearance from wastewater.
	[76]



	Fe3O4@SiO2
	Co-precipitation
	GO-PEA
	Spherical particles with an average size of 22 nm are desirable for wastewater treatment. A major limitation is the sharp decrease in Ms value from 77 to 33 emug−1 upon coating and functionalization.
	[77]



	Fe3O4@Cu
	Hydrothermal
	MgO-Cu
	Particles were agglomerated though spherical; however, average particle size of 50 nm can be a limitation. Diamagnetic MgO coating reduced Ms value to 29 emug−1.
	[78]







* RE = (Pr3+, Sm3+, Tb3+, Ho3+); APS = 3-aminopropyltriethoxysilane; AA = acrylic acid; CA = crotonic acid; PPhSi = phosphonium silane; GO = graphene oxide; EDTAD = ethylene diaminetetraacetic dianhydride; PEDOT = poly(3,4-ethylenedioxythiophene); PEA = 2-phenylethylamine; APTMS = 3-aminopropyl)-trimethoxysilane; Ms = saturation magnetization.
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Table 3. Adsorptive properties of selected magnetic nanocomposites for wastewater treatment.
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Adsorbent

	
* Mass (g/L)

	
Surface Area (m2/g)

	
Adsorbates

	
Adsorption Capacity (mg/g)

	
Ref.






	
Fe3O4

	
12

	
105.7

	
As5+

	
50.5

	
[5]




	
Cr6+

	
35.2




	
Fe3O4@C/PAA

	
0.3

	
8.2

	
Cu2+

	
194

	
[11]




	
Ni2+

	
144.3




	
Co2+

	
128




	
Cd2+

	
161




	
Fe3O4@haemoglobin

	
2

	
12.43

	
Eriochrome black T

	
178.6

	
[12]




	
Indigo carmine

	
104.2




	
Naphthol blue black

	
114.9




	
Tartrazine

	
80




	
Erythrosine

	
178.6




	
Bromophenol blue

	
101




	
Magnetic Iron oxide

	
0.4

	
142

	
PO42−

	
40.0

	
[50]




	
Fe3O4@SiO2/NH2

	
0.4

	
216.2

	
Cu2+

	
43.8

	
[63]




	
Pb2+

	
111.9




	
Cd2+

	
37




	
Fe3O4@yeast/EDTAD

	
1

	
-

	
Pb2+

	
88.16

	
[64]




	
Ca2+

	
27.19




	
Cd2+

	
40.70




	
Fe3O4@APS/AA-co-AA

	
1

	
-

	
Methylene blue

	
124

	
[66]




	
Crystal violet

	
180.5




	
Alkali blue

	
17.8




	
Fe3O4@APS/AA-co-CA

	
1

	
-

	
Cd2+

	
29.6

	
[70]




	
Zn2+

	
43.4




	
Pb2+

	
166.1




	
Cu2+

	
126.9




	
γ-Fe2O3

	
0.2

	
79.4

	
Pb2+

	
68.9

	
[71]




	
0.1

	
Cu2+

	
34.0




	
CoFe1.9RE0.1O4

	
0.5

	
82

	
Congo red

	
152.0

	
[72]




	
Fe3O4@MnO2

	
1

	
118

	
Cd2+

	
53.2

	
[73]




	
Fe3O4@humic

	
0.1

	
64

	
Cu2+

	
46.3

	
[74]




	
Cd2+

	
50.4




	
Pb2+

	
92.4




	
Hg2+

	
97.7




	
Fe3O4@PEDOT

	
-

	
-

	
Ag+

	
3016

	
[75]




	
Hg2+

	
3200




	
Pb2+

	
3105.9




	
Fe-oxide@cellulose

	
1

	
-

	
As3+

	
92.95

	
[76]




	
Fe3O4@SiO2/GO-PEA

	
1

	
133

	
Chlorpyrifos

	
87

	
[77]




	
Malathion

	
74




	
Parathion

	
86




	
Fe2O3@TiO2/GO

	
0.6

	
82

	
As3+

	
110.4

	
[104]




	
As5+

	
90.2




	
Fe3O4-polypyrrole

	
4

	
28.77

	
Cr6+

	
208.7

	
[126]




	
Fe3O4@MWCNT-KOH

	
0.4

	
662.1

	
Toluene

	
63.34

	
[137]




	
Ethylbenzene

	
249.44




	
Xylene (meta)

	
227.05




	
Xylene (otho)

	
138.04




	
Xylene (para)

	
105.59




	
Adsorbent

	
* Mass (g/L)

	
Surface area (m2/g)

	
Adsorbates

	
Removal efficiency (%)

	
Ref.




	
Fe3O4@Cu/MgO-Cu

	
0.32

	
90.1

	
Escherichia coli

Staphylococcus aureus

	
99%

	
[78]




	
CoFe2O4@TiO2

	
4

	
44.38

	
Methylene blue

	
98.89%

	
[95]




	
DNSA@CS/MnFe2O4

	
0.06

	
219

	
Methylene blue

	
98.9%

	
[116]




	
TiO2/Fe/FeC-biochar

	
-

	
267.30

	
Methylene blue

	
94.4%

	
[127]




	
Co/Fe/MB

	
0.8

	
262

	
Cefotaxime

	
82.48%

	
[128]




	
N-TiO2-Fe3O4-C

	
1

	
-

	
Methylene blue

	
99%

	
[129]




	
Fe-biochar

	
2

	
138.4

	
Na+,Ca2+,K+,Mg2+,

	

	
[130]




	
Sr2+,Ba2+

	
<30%




	
Cr (VI)

	
58.4%




	
As (V)

	
65.9%




	
1,1,2-trichlorethane

	
91%








* Mass = adsorbent mass; RE = (Pr3+, Sm3+, Tb3+,Ho3+); APS = 3-aminopropyltriethoxysilane; AA = acrylic acid; Co/Fe/MB = cobalt/iron/modified biochar; PAA = polyacrylamide; GO = graphene oxide; DNSA@CS = 3,5-dinitrosalicyclic acid/chitosan; EDTAD = ethylene diaminetetraacetic dianhydride; PPhSi = phosphonium silane; PEA = 2-phenylethylamine; PEDOT = poly (3,4-ethylenedioxythiophene; N-TiO2-Fe3O4-C = nitrogen-titanium(IV) oxide-magnetite-biochar; CA = crotonic acid; TiO2/Fe/FeC-biochar = titanium(IV) oxide/iron/iron-chitosan-biochar; MWCNT = multi-walled carbon nanotube.













[image: Table] 





Table 4. Kinetics parameters of selected magnetic oxide nanocomposites for wastewater treatment.
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	Magnetic composite
	a pH
	c Time
	Kinetics
	Isotherm
	b Ms (emug−1)
	Ref.





	Fe3O4-PPhSi
	6.0
	0.83 h
	PSO
	Langmuir
	68.2
	[5]



	Fe3O4@C@PAA
	-
	1.5 h
	PSO
	Langmuir and Freundlich
	31
	[11]



	Magnetic iron oxide
	-
	0.5 h
	-
	Langmuir
	-
	[50]



	Fe3O4@SiO2/NH2
	6.0
	24 h
	-
	Langmuir
	34
	[63]



	Fe3O4@yeast/EDTAD
	-
	2 h
	PSO
	Langmuir and Freundlich
	-
	[64]



	Fe3O4@APS/AA-co-CA
	3.5
	0.75 h
	PSO
	Langmuir
	52
	[66]



	Fe3O4@APS@AA-co-CA
	3.5
	0.75 h
	PSO
	Langmuir and Freundlich
	52
	[70]



	γ-Fe2O3
	6.3
	3 h
	PSO
	Langmuir and Freundlich
	44.5
	[71]



	CoFe1.9RE0.1O4
	-
	1.5 h
	PSO
	Langmuir model
	60
	[72]



	Fe3O4@MnO2
	3.7
	0.5 h
	PSO
	Langmuir
	40
	[73]



	Fe3O4@humic
	6.0
	0.25 h
	-
	-
	79.6
	[74]



	Fe3O4@PEDOT
	-
	24 h
	-
	-
	24
	[75]



	Fe-oxide@cellulose
	7.8
	3 h
	PSO
	Langmuir
	57.2
	[76]



	Fe3O4@SiO2/GO-PEA
	
	0.25 h
	PSO
	Sips
	33
	[77]



	CoFe2O4@TiO2
	-
	6 h
	PFO
	-
	0.211
	[95]



	Fe2O3@TiO2/GO
	8.6
	20 h
	PSO
	Langmuir
	60
	[104]



	DNSA@CS@MnFe2O4
	-
	0.5 h
	-
	Langmuir-Hinshelwood
	29.95
	[116]



	Fe3O4-polypyrrole
	-
	24 h
	-
	Langmuir
	14
	[126]



	TiO2/Fe/FeC-biochar
	
	5 h
	-
	-
	47.60
	[127]



	Co/Fe/MB
	-
	1.6 h
	PSO
	-
	-
	[128]



	N-TiO2-Fe3O4-C
	
	5 h
	-
	-
	19.26
	[129]



	Fe-biochar
	
	8 h
	PSO
	-
	-
	[130]







a pH = point of zero charge; b Ms = saturation magnetization; PSO = pseudo second order; PFO = pseudo first order; c Time = equilibration time.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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