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Abstract

:

Magnetic nanomaterials (MNPs) have been widely used in the detection of pollutants in the environment because of their excellent nano effect and magnetic properties. These intrinsic properties of MNPs have diversified their application in environmental contaminant detection. In this paper, the research status quo of the use of MNPs in detecting organic and inorganic contaminants from wastewater and soil is reviewed. The preparation method and modification technology of magnetic nanoparticles are also described in detail. The application prospect of magnetic nanoparticle composites in the detection of contaminants in water and soil is discussed. Compared with traditional detection methods, MNPs are more accurate and efficient in pollutant enrichment. Moreover, the biological synthesis of MNPs was proven to be eco-friendly and aided in sustainable development. The study shows that MNPs have good application prospects in soil pollution detection, but the mechanism still needs to be investigated to realize their popularization and application.
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1. Introduction


Since their discovery, nanomaterials have attracted much attention due to their unique properties. MNPs refer to magnetic particles with a scale of 0.1~100 nm, which have special nanoparticle properties and strong surface chemical activity [1]. MNPs are characterized by small particle size, large specific surface area, and good dispersion, etc. [2]. In addition, MNPs can be modified by copolymerization and surface modification [3]. In recent years, the detection of pollutants in the environment by the modification or functionalization of nanomaterials has become a research hotspot [4]. MNPs are the most commonly used adsorbent among nanomaterials, which can be used as an adsorbent for wastewater pollution detection to absorb trace organic pollutants, heavy metals, and inorganic salt pollutants [5,6]. These characteristics of MNPs make them better at pollutant detection. The small particle size characteristic gives MNPs a small size effect. The large specific surface area allows MNPs to adsorb more of the substance to be tested, increasing their activity. The strong magnetic responsiveness enables efficient separation of MNPs under an external magnetic field [7,8]. Currently, the widely used MNPs mainly include nano zero-valent iron (nZVI) [9,10], magnetite (Fe3O4) [11,12], and ferric oxide (γ-Fe2O3) nanoparticles [13,14]. The main principle of MNPs detection is that when MNPs are added to the sample, the substance to be measured can be extracted from the sample by attracting and concentrating under certain conditions, and then separated and detected under the action of an external magnetic field [15]. The use of MNPs has attracted great attention in the detection of water and soil pollution [16,17,18]. Modifying MNPs to enrich specific pollutants more efficiently, or using the characteristics of MNPs and a microbial composition biosensor to directly measure the biological toxicity of samples, has become a current research hotspot [19,20]. There have been many articles introducing the preparation, modification, and other processes of magnetic nanoparticles. However, there is still a lack of comprehensive articles on the application of magnetic nanoparticles in environmental detection. In this review, different methods to synthesize MNPs with different properties are discussed. Meanwhile, the modification methods of MNPs and the principles and methods of its functional application are reviewed, as well as the application examples of MNPs in environmental detection in water and soil. The progress and advantages of MNPs in environmental detection are introduced, and the future application prospect is presented.



We comprehensively searched the Web of Science Core Collection (WoSCC) database from inception (1986) to 21 March 2023, using the following terms: “Magnetic nanoparticles” OR “magnetic nanoparticle preparation” OR “magnetic nanoparticle modification” OR “magnetic nanoparticle application”. And through the China National Knowledge Infrastructure database with “Magnetic nanoparticles” OR “magnetic nanoparticle preparation” OR “magnetic nanoparticle modification” OR “magnetic nanoparticle application” as the search terms. There were no restrictions on language, document type, data category, or document’s year. Then we made a preliminary selection based on the title and abstract of the paper. Although magnetic nanoparticles have been extensively studied, the use of magnetic nanoparticles for environmental detection accounts for only a small fraction of the published literature. For papers that could not be clearly judged by reading the title and abstract, secondary screening was conducted by checking the content of the identified records.




2. Synthesis of Magnetic Nanoparticles


There are many types of MNPs, and the common ones are as follows: ① iron oxides, such as Fe3O4, γ-Fe2O3; ② metals and metal alloys, such as Fe, Co, Ni, etc.; ③ ferrate, such as MgFe2O4, MnFe2O4, CoFe2O4, etc. In addition, there are many ways to prepare MNPs. Common preparation methods include the co-precipitation method [21], high-temperature pyrolysis [22], microemulsion method [23], suspension polymerization method [24], ultrasonic-assisted co-precipitation method [25], and bionic mineralization method [26]. The following four commonly used methods for preparing MNPs are briefly introduced.



The co-precipitation method is a simple and effective method for the preparation of MNPs, which can be used to prepare most MNPs, such as ferric oxide (Fe3O4, Fe2O3, etc.) and ferritic (Zn-Mn ferritic, Ni-Zn ferritic, Co-Zn ferritic), etc. [27]. This method is to add alkaline solution (ammonia, sodium, sodium hydroxide solution) to the metal salt solution as a precipitating agent, so that metal ions precipitate from the solution. The process of preparing Fe3O4 magnetic particles by chemical co-precipitation is as follows. The Fe3O4 magnetic particles can be obtained by adding alkaline solution precipitant of a certain pH to the co-existing solution of Fe2+ and Fe3+, reacting under protective gas, and then separating by external magnetic field [28]. Chemical co-precipitation is widely used because of its easy availability of materials and simple preparation method.



High-temperature pyrolysis is a method for the preparation of magnetic nanoparticles by decomposition at high temperature in non-aqueous solution, which refers to a method for the preparation of magnetic nanoparticles by heating organic metal compounds in a high boiling point organic solvent under high temperature and high pressure [29]. In this method, metal complexes such as iron pentacarbonyl and ferric acetylacetonate are usually used as precursors to produce metal nanoparticles through high-temperature cracking. If these metal nanoparticles are further oxidized, metal oxide nanoparticles can be prepared. Bellaïd Sarah and Tomar Dimpal, respectively, prepared monodisperse ferric oxide nanoparticles and CoFe2O4 nanoparticles using this method. These samples all exhibit good morphology and dimensional characteristics [22,30].



Microemulsion is a transparent, isotropic, and thermodynamically stable system with low viscosity composed of oil (hydrocarbon), water (aqueous electrolyte solution), and surfactant (sometimes alcohol as co-surfactant) [23]. Microemulsion reaction types are divided into water in oil type (W/O) and oil in water type (O/W). The microemulsion droplet size is the nanometer scale, the droplets are separated from each other, and the reaction space is confined to the microreactor droplet. When two microemulsions with reactants were mixed, the exchange or transfer of substances in the water core occurred due to the collision between micelles particles. This process causes chemical reactions in the nucleus to produce magnetic nanoparticles. In addition, the microemulsion method can inhibit agglomeration of MNPs in the preparation process and control the particle size of products [31,32]. For example, Xie Yijun et al. prepared CoFe2O4 magnetic nanoparticles with high coercivity by the microemulsion method [33]. Zhao Shuchun et al. synthesized magnetic FeCoB amorphous nanoparticles by using the borohydride reduction method in water/n-hexane (W/He) microemulsion [34].



The biomimetic mineralization method is used to control the generation of inorganic mineral materials by imitating the organic biological tissues in the process of biological mineralization, and magneto tactic bacteria are used to react to generate magnetic nanoparticles under appropriate conditions [26]. Liu et al. used a 14-mer bi-functional copolypeptide as a template for biomimetic mineralization of magnetite [35]. Zhou Yanhong et al. designed temperature-responsive elastic polypeptides to participate in biomimetic mineralization, and successfully prepared elastin-like polypeptides-MNPs with multiple responses [36]. The MNPs synthesized by this method have fine and uniform particle size, high crystallinity and purity, and special crystal shape and chain arrangement, which have great advantages in biomedical applications. However, the cost of preparing magnetic nanoparticles of the same size using the biomineralization method is 18 times higher than that using the co-precipitation method. At the same time, due to the high reproductive conditions of microorganisms such as Magnetospirillum magneticum, they cannot be cultured on a large scale, and there is a high maintenance cost of related production equipment; the above problems have led to low production capacity of the biomineralization method. How to solve these problems is the key to breaking the technical barriers of the biomimetic mineralization method [37,38].



As shown in Table 1, each of the four methods has advantages and disadvantages in the preparation of magnetic nanoparticles. The preparation process of the co-precipitation method is relatively simple and suitable for large-scale production. However, the prepared MNPs are prone to agglomeration, uneven particle size distribution, and poor biocompatibility, so the surface needs to be modified to be used. The pyrolysis method and microemulsion method have advantages in the preparation of monodisperse MNPs, but the product yield is low and the cost is high. MNPs prepared by the biomimetic mineralization method have good biocompatibility and bioactivity, and the preparation process is green and environmentally friendly, so they are widely used in the field of medicine. It is also a hot research direction to combine with microorganisms to prepare sensors. The modification and functionalization of MNPs should be further studied.




3. Modification and Functionalization of MNPs


MNPs have high specific surface energy and dipole interaction. MNPs tend to agglomerate and lose magnetism [42]. Modified MNPs can prevent the aggregation of nanoparticles and maintain a certain stability of the colloidal system. Meanwhile, MNPs have biocompatibility, water solubility, biological coupling, and cell non-specificity, so that MNPs can be used to realize the application of fixed load, biomolecule binding, and biosensors [43]. The modification methods and functionalization applications of magnetic nanoparticles are mainly as follows.



3.1. Magnetic Nanomaterials Functionalized with Metal-Organic Frameworks


The organic framework, also known as porous coordination polymers, is a widely used porous crystal material assembled by metal ions or metal clusters and the coordination of organic ligands [44]. The main characteristics of the organic framework are organic ligand as the framework, and metal ions or their clusters as the coordination center, in the form of a coordination bond sum connected into a three-dimensional space network structure. Metal-organic frameworks (MOFs) have the characteristics of large specific surface area, adjustable cavity, good stability, and adjustable chemical properties. In addition, MOFs are relatively easy to synthesize and have been studied in depth and widely used in adsorption separation, catalysis, drug loading, and other fields [45]. Therefore, magnetic metal organic skeleton composites with a wider range of applications can be prepared by combining the advantages of magnetic nanomaterials and metal organic frameworks.



Magnetic nanomaterials functionalized with MOFs are commonly used in water environmental organic pollutants detection. Cai Dandan et al. prepared a metal organic framework material Cobalt 2-methylimidazole as the precursor, synthesized magnetic Co/C nanocomposites by high-temperature pyrolysis, and applied them to the detection of the content of organic dyes in water, such as Congo red [46]. Lian Lili et al. constructed a unique coil-shell titanium fund organic skeleton functionalized magnetic microsphere Fe3O4@Cys@MIL125-NH2 and used it as a magnetic adsorbent to enrich five fluoroquinolones in water samples, which can be used to detect fluoroquinolones in tap water and environmental water samples [47].




3.2. Ionic Liquid Functionalized Magnetic Nanomaterials


Ionic liquids are molten salts that are liquid at room temperature and typically consist of organic cations, and organic or inorganic anions. Ionic liquids are widely used in the fields of extraction and separation due to their non-volatile properties, low melting point, and good solubility [48]. In order to improve the application ability of ionic liquids in solid-phase extraction, they can be combined with magnetic nanoparticles based on phase separation as extractant carriers to form functional magnetic nanoparticles of ionic liquids for the analysis of trace components in biological, environmental, and food complex samples [49].



Lu Dingkun et al. coated hydrophobic carboxyl functionalized ionic liquid (IL-COOH) in the prepared Fe3O4@Zr-MOFs, synthesized a novel water-stable IL-COOH/Fe3O4@ZR-MOF nanocomposite for the first time, and applied it in the selective adsorption and detection of fluoroquinolone antibiotics [50]. Ping Wenhui et al. synthesized room temperature ionic liquid loaded cyclodextrin magnetic nanomaterials and used them to perform magnetic solid phase extraction on samples, which can be used for extraction analysis of organic pollutants in water [51].




3.3. Magnetic Nanomaterials Functionalized by Molecularly Imprinted Polymers


Molecularly imprinted polymer (MIP) contains holes with a specific spatial structure and has the advantages of being tailor-made, having a simple preparation, and being stable and reusable [52]. Magnetic molecularly imprinted nanoparticles (MMIP NPs) developed on this basis are a kind of material that can be selectively enriched and separated by an external magnetic field [53].



Chen Fangfang et al. used superparamagnetic Fe3O4 nanoparticles functionalized with silica layer as the carrier, water-soluble 4-[(4-methacryloyloxy)phenylazo]benzenesulfonic acid as the functional monomer, and sulfadiazine as the template to successfully prepare a dual-response molecule-imprinted polymer sensitive to both photon and magnetic stimulation. It was used for the detection of sulfonamides in aqueous media [54]. Because MMIP NPs recognition sites are established on or near the surface of magnetic nanoparticles, rapid adsorption and elution of the object to be tested can be achieved. Therefore, it is not only simple to operate, but also greatly saves the time of sample pretreatment when it is applied to the enrichment and separation of the substance to be tested [55].



There are currently multiple methods for modifying magnetic nanoparticles and enhancing their properties. However, further exploration is needed to find a stable, inexpensive, and easy to prepare method for modifying magnetic nanoparticles.





4. Application of MNPs in Environment Detection


MNPs are widely used because of their characteristics, such as easy separation, high stability, and easy surface encapsulation [47,50,56]. The main application ways of MNPs in environmental detection include the enrichment of environmental pollution substances, or combining with bacteria to make biosensors for environmental quality detection. At present, MNPs are commonly used in water and soil detection [44,49,57]. Table 2 introduces several environmental samples detected using MNPs.



4.1. Application in Water Environment Detection


MNPs are widely used in water environment detection, mainly combined with other ornaments to detect or enrich various pollutants in water [60,61,62]. The detected pollutants in water are mainly divided into organic matter and inorganic matter. Organic matters include dyes [58], pesticides [63], drugs [64], chemical raw materials [65], etc. Inorganic substances are mainly heavy metal ions and acid ions [66,67,68,69], etc.



Wu Yalin et al. synthesized and characterized a new type of MNP, polyamide amine dendrimer-modified magnetic nanoparticles (Gn-MNPs) [58]. As shown in Figure 1, under the adsorption action of the adsorbent Gn-MNP, the Sudan red in the solution was adsorbed by stirring for 1 h. The adsorbent is separated from the original solution by magnetic separation of the magnet. Sudan red is then desorbed from the adsorbent with acetone. After the eluent is dried with nitrogen, the residue is eluted with methanol and dispersed. The dispersed samples are taken and sent for inspection. The nanomaterial has good adsorption performance for Sudan red, methyl green, and Congo red dye in natural water. The detection limit of Congo red is in the range of 1.8~5.5 ng·L−1, and the precision is less than 3.0%. The nanomaterial has significant application potential in the enrichment of trace environmental pollutants in water samples.



MNPs are also used to enrich and detect pesticides in environmental water samples. In practical application, the recovery rate of adding samples can reach 90%. Cao et al. synthesized the Cupric organic skeleton/ferrioxide (MOF-199/Fe3O4) complex by in situ method at room temperature, and applied it to the separation and detection of nicotinic insecticides in environmental water samples [70]. Turiel et al. modified the surface of MNPs by molecular imprinting technology, and tested it as a selective adsorbent for extracting triazine compounds from environmental water [71]. In addition, Kouhestani et al. synthesized cysteine-functionalized chitosan-coated magnetic nanoparticles and used them as an effective adsorbent for the extraction of casine and benzene sulfomethyl [63]. Using imidacloprid as a template and dopamine as a functional monomer, Cui et al. prepared MMIP through the nucleation process of magnetic nanoparticles Fe3O4 and the polymerization process of molecularly imprinted polymers [72]. Under the best conditions, imidacloprid was extracted from water samples by MMIP and HPLC.



MNPs can also enrich drugs in water. Gamal et al. prepared MNPs modified with cetyltrimethyl ammonium bromide (CTAB), and then carried out solid phase extraction of valsartan in water samples, pre-enrichment, and detection [64]. The working principle of this method is to use MNPs as adsorbents to adsorb the tested substance, and then use methanol for desorption. A mobile phase composed of phosphate buffer (0.03 M), acetonitrile, and methanol (40:40:20%) is used to separate and desorb the solution. Finally, chromatographic analysis is performed on the separated solution to obtain the concentration of the substance to be tested. These MNPs have a good linear response within the concentration range of 10–150 ng/mL, and the detection limit can reach 2.02 ng/mL.



Since MNPs can rapidly extract the substance to be tested in the extraction solution, they are widely used in the detection of organic reagents. Wu synthesized Fe3O4 magnetic nanoparticles modified with polyamide dendrimers. The magnetic solid phase extraction (MSE) of trace Tetrabromobisphenol A and 4-Nonylphenol in environmental water samples was carried out using modified magnetic particles as effective adsorbents [73]. After this process, magnetic nanoparticles are applied to facilitate extraction of the extraction solvent containing bisphenol A. At the same time, Tian et al. prepared Fe3O4@SiO2@CTS for the detection of polychlorinated biphenyls (PCBS) by combining modified natural polysaccharide chitosan (CTS) with silica on the surface of magnetic Fe3O4 nanoparticles [66]. These results indicate that MNPs have good selectivity, easy magnetic separation, and can be reused.



At the same time, there are many new nanotechnology applications for the detection and removal of pollutants in water. Zheng Yanmei et al. developed synthesizing a novel SCN/rGO PNs via a supramolecular self-assembling followed by a solvothermal treatment [74]. Under the action of this material, the photocatalytic activity of Cr(VI) and Rhodamine B enhance 17 times compared to ordinary materials. Bharatraj Singh Rathore et al. used a batch adsorption technique to prepare chitosan-PANI-Fe2O3. This material can adsorb and remove dyes such as methyl orange from water, with a removal efficiency of 91.5% [75]. In addition, Sadaf Bashir Khan et al. summarized the research progress of 3D printed nanosheet membranes for water purification, providing a new approach for water treatment [76].



Magnetic solid phase extraction (M-SPE) is a dispersible solid phase extraction technique in which magnetic or magnetized materials are used as adsorbent substrate [77,78,79]. Compared with conventional solid phase extraction (SPE) fillers, nanoparticles have larger specific surface area and shorter diffusion distance, and only need to use a small amount of adsorbent and a short equilibrium time to achieve low concentration of microextraction, with very high extraction capacity and extraction efficiency. This method has the following advantages: ① fast extraction speed; ② high pre-enrichment factor; ③ sensitive detection; ④ small relative standard deviation.



John Kong et al. synthesized Mangan-based MNPs by the microemulsion method, coated the surface with gold, and fixed cysteine through the Au-S covalent bond, for the capture and detection of heavy metal Hg2+ [80]. These magnetic MNPs are highly efficient nano-adsorbents for heavy metals in aqueous solutions, thus contributing to the determination of Hg2+ ion content in aqueous solutions in environmental tests. The magnetic adsorbent has good selectivity for Pb2+, fast adsorption kinetics, and large adsorption capacity. Using 4 nm ZnO nanoparticles as a sacrificial template, Zhao et al. prepared double-imprinted polymer-coated MNPs with template Pb2+ ion co-imprinting, and detected trace Pb2+ by graphite furnace atomic absorption spectrometry [79]. Jagirani et al. extracted trace lead from environmental samples by solid phase microextraction (SPME) using magnetic cellulose nanoparticles (Cell-MNPs) as adsorbent [61]. By optimizing the analysis parameters, Cell-MNPs were successfully used for the solid phase extraction of Pb2+ in water samples. Wu et al. used magnetic solid phase extraction of 1-octanol with hydrophilic magnetic nanoparticles [62]. Schiff base was used as the complex agent, acetonitrile/water (60:40, v/v) was used to treat environmental samples, acetonitrile/water was used as the dispersive solvent, and 1-octanol was used as the extractant for dispersive liquid-liquid microextraction to detect Cr3+, Ni2+, Co2+, and Hg2+ in environmental water samples. This method has a lower detection limit and can achieve a recovery rate of over 90% for metal ions in water.



Maleki et al. synthesized the second generation of amino-dendrimer functionalized MNPs (Fe3O4@G2-PAD) and applied it to the measurement of Pb2+ and Cd2+ ions in environmental water bodies (river, wastewater, and lake) [81]. Wu et al. used Selective Trace analysis of Pb2+ and Cd2+ based on glutathione-modified silver nanoparticles and Fe3O4 magnetic nanoparticles [82]. The presence of Pb2+ and Cd2+ induces AgNPs aggregation through co-metal ligand interaction and loads the aggregation onto magnetic Fe3O4 nanoparticles as adsorbent. The detection limits of Cd and Pb were 0.13 and 1.25 g·L−1, respectively, and the relative standard deviations were 1.5% and 1.8% at the concentration level of 10 g·L−1, respectively. Wang et al. used magnetic Fe3O4/ZrO2/Ag composite microspheres to explore the sensitive surface-enhanced Raman Scattering (SERS) substrate for rapid detection of Cr6+, and adopted the optimized Fe3O4/ZrO2/Ag system for quantitative detection of Cr6+ in aqueous solution [83]. The results showed that there was a good linear relationship between SERS intensity and logarithmic concentration of Cr6+ (R2 = 0.98), and the detection limit could be as low as 10−7 M. Sulfhydryl-amino functionalized magnetic nanoparticles Fe3O4@SiO2@MPTMS and Fe3O4@SiO2@APTES were used as adsorbents for magnetic solid phase extraction (MSPE) to directly extract As(III) and As(V), respectively, and were detected by inductively coupled plasma mass spectrometry (ICP-MS) [84]. Sulfhydryl and amino extracts As(III) and As(V) were recovered through coordination and electrostatic interactions, respectively. The recoveries of As(III) and As(V) are 89~96% and 90~102%, respectively. These methods had been successfully applied to the evaluation of heavy metal content in environmental water samples with satisfactory results.



The colorimetric or optical technique-based MNPs can be used for qualitative and quantitative detection of heavy metals in water, and this method has the advantages of high stability, strong selectivity, and easy operation [85,86]. Mehmet Oguz et al. modified fluorescent compounds into Fe3O4 nanoparticles, and detected mercury ion (Hg2+) in the water environment according to the luminescence intensity in MNPs water [87]. Liu et al. synthesized gold nanoparticles (AuNPs) on the surface of Fe3O4 NPs to achieve visual detection of Au@ Fe3O4 NPs with a high concentration of Hg2+ in industrial pollutants [88]. This method has high sensitivity and selectivity, and can be used for qualitative analysis of Hg2+ above 5 μM by the naked eye. The fluorescence technique is an effective method for detecting pollutants. Li synthesized magnetic Fe3O4@SiO2-TbDPA nanoprobes [89]. Synthetic Fe3O4@SiO2-TbDPA aqueous solution exhibits strong green luminescence. However, when different concentrations of NO2− (0–100 µM) are added, the fluorescence intensity is inhibited. According to the pre-measured inhibition luminescence curve, the corresponding NO2− ion content of the solution to be tested can be obtained. With good linearity in the range of 5~80 µM and a detection limit of 1.03 µM, it can be extended to a wide range of environmental monitoring and biomedical fields.



The research on magnetic nanoparticles used for detecting pollutants in water has been very in-depth, and the magnetic nanoparticles have shown good results in the detection process of different types of pollutants. However, the preparation of most modified MNPs is difficult and cannot be reused multiple times. In the future, MNPs that can be reused multiple times and prepared easily should be developed.




4.2. Application in Soil Environmental Detection


The comprehensive biological toxicity of heavy metals and organic matter in polluted soil will cause human health risks, lead to human poisoning, and even affect the whole ecosystem [90,91]. With the attention paid to soil biotoxicity, accurate detection of soil biotoxicity in the presence of multiple types and forms of pollutants has become the focus of research [92]. Due to MNPs’ fast adsorption rate and easy magnetic separation, they have been widely used in soil environmental detection in recent years.



The main advantage of magnetic nanoparticles is that they can be easily and efficiently removed from the treated solution using a common magnet. Singh synthesized magnetic iron oxide (Fe3O4) nanoparticles by chemical co-precipitation, which were used to remove heavy metals (Cd, Cr, Cu, Fe, Ni, Pb, and Zn) from soil samples [18]. When the pH of soil leaching solution is 0.7, the adsorption efficiency of heavy metals is between 69.6 and 99.6%. The adsorption efficiency of MNPs on various metals was determined by atomic absorption spectrometry. The results showed that the adsorption effect of lead MNPs was the best and the detection efficiency was the highest in soil. Kim et al. used bare Fe3O4 nanoparticles to selectively separate Cs-contaminated clay particles from soil and detect Cs content in soil [93]. When the mass ratio of MNPs to clay is close to 0.1, and at low pH, the recovery rate of Cs can reach more than 90%. The reason is that the increase of electrostatic attraction and dispersion is conducive to magnetic separation of clay minerals at low pH. Kasa et al. established a fast and effective method for dispersive solid phase microextraction (d-SPME) of Pd in soil using MNPs [94]. Pd can be directly separated from soil sample solution without complexation. The grooved quartz tube-flame atomic absorption spectrometry (SQT-FAAS) was used. The limits of detection and quantification of Pd by this method were 6.4 ng/mL and 21.4 ng/mL, respectively, and the relative standard deviation was 6.6%. The recoveries of this method are 90~101%, which proves the accuracy and applicability of this method.



Some scholars use modified magnetic nanoparticles to separate pesticides from soil and detect them. For example, Maria Jose et al. synthesized a promazine-imprinted polymer on the surface of modified MNPs for solid phase extraction of triazine from soil samples. The obtained MNPs exhibit high selectivity for triazine compounds and are easily collected and separated by external magnetic fields without additional centrifugation or filtration steps [95]. The recoveries of triazines ranged from 5.4% to 40.6% with relative standard deviations less than 7.0% (n = 3) and detection limits of 0.1 to 3 ng·g−1, depending on the triazines and the type of soil used. Lei Sun et al. synthesized alumina-coated magnetite nanoparticles (Fe3O4/Al2O3 NPs) and applied them to the analysis of sulfonamides based on magnetic solid phase extraction of sulfadimethylate and sulfaquinoxaline in different soil samples [59]. The extraction and concentration process are completed in one step by mixing extraction solvent, magnetic adsorbent, and a soil sample under the action of an ultrasonic wave. The adsorbent is then easily separated from the complex substrate under the action of an applied magnetic field, and the sulfonamides desorbed from the adsorbent are then determined by liquid chromatography-tandem mass spectrometry. Kyung Tae Kim et al. fixed naphthalimide DPA(2) on the surface of iron oxide nanoparticles to prepare hybrid nanomagnetic 1-Fe3O4 [96]. The binding of naphthalimide DPA(2) and 1-Fe3O4 to Zn2+ resulted in a significant increase in fluorescence intensity at 527 nm. The nanomagnetite 1-Fe3O4 can be used for the selective detection and removal of Zn2+ from soil samples. Lu Yang synthesized a polyionic liquid (PIL) and fixed it on the prepared SiO2-coated MNPs, used it as a magnetic solid phase (MSPE) adsorbent, and used it to extract sulfonylurea herbicides (SUHs) from soil samples prior to HPLC analysis [97]. The relative standard deviation of repeated assay analytes ranges from 3.2% to 4.5%. The limits of detection and quantification were 1.62~2.94 ng·mL−1 and 5.4~9.8 ng·mL−1, respectively. These results indicate that Fe3O4@SiO2@PIL can effectively extract sulfonylurea herbicides from soil samples.



Pang used MNPs to enrich and detect sulfonylurea herbicides and heavy metal ions in contaminated soil [98,99]. He doped Fe3O4 magnetic nanoparticles into a monolithic capillary microextraction column (MCMC) of polyethylene imidazole dimethyl acrylate polymer. Concentrate sulfonylurea herbicides (SUHs) under the action of a magnetic field, and the extraction efficiency can reach 82.6–94.5%. It can detect the content of trace SUHs in soil samples with a detection limit (S/N = 3) of 0.30~1.5 µg/kg. In addition, he coordinated Cr3+ and Cr6+ with pyrrolidine ammonium dithiocarbamate (APD) to form Cr3+/APD and Cr6+/APD complexes, respectively. Then, a porous monomer microextraction column doped with magnetic nanoparticles was prepared in situ in a capillary tube. The results showed that applying a magnetic field helped improve the extraction efficiency of Cr3+/APD (80.4%) and Cr6+/APD (86.2%) complexes. The detection limits of Cr3+ and Cr6+ in soil samples, respectively, were 0.47 and 0.057 µg/kg. The enrichment factors of Cr3+ and Cr6+, respectively, were 59 and 72.



Li et al. synthesized MOF-1210 (Zr/Cu)-MNPs-modified MNPs by the solvothermal method in one step for magnetic solid phase extraction (MSPE) of benzophenone [100]. It was successfully applied to the extraction and detection of benzophenone in soil samples. The recoveries were 87.6–113.8%, RSDS < 11.12%. Hubeyska et al. established the QuEChERS extraction and purification process based on hydrophobic MNPs (C18/GCB/Fe3O4/Fe3O4@Triton), and combined it with gas chromatography-mass spectrometry for the simultaneous determination of 16 organochlorine pesticides, and applied this method to the determination of pesticide residues in agricultural soil samples [101]. Kim’s application of Fe3O4 nanocomposites coated with polyethylenimide (PEI) for selective separation of clay particles from Cs-contaminated soils was used. The PEI coating on the surface of nano Fe3O4 enhances the binding force between magnetic nano Fe3O4 and clay minerals by electrostatic attraction [102]. The Fe3O4-PEI nanocomposite magnetically separates approximately 100% of the clay particles from the solution at a low dose (0.04 nanocomposite/g clay).



MNPs that are directly used to adsorb pollutants in soil have poorer adsorption effects and lower recovery rates compared to water. The reason is that MNPs are difficult to separate from soil effectively. Therefore, in the future, we need to explore MNPs with higher recovery rates in soil and explore new directions for their application in soil.



In soil environmental testing, accurate detection of soil biotoxicity is the starting point and even the end point of contaminated soil evaluation and remediation [103]. In recent years, there have been problems in the method of using analytical chemical detection technology to determine the content of pollutants and calculate their biotoxicity through models [104,105]: When using chemical extraction and other force methods to extract pollutants, the use of chemical agents, centrifugal shock, and other treatments will destroy the physical and chemical properties of pollutants, resulting in the inability to truly quantify the biological toxicity of contaminated soil. In particular, when multiple pollutants have synergistic and impedance effects, the model often cannot accurately and quantitatively describe the comprehensive biological toxicity. However, the detection of biological toxicity by traditional analytical chemical methods is essentially the analysis of pollutant content, rather than the direct reflection of biological toxicity. Compared with the analytical chemical method, the microbial detection method is a direct detection of the biotoxicity of harmful elements transferred to the liquid phase in contaminated soil, which is considered as a very promising technology for the detection of biotoxicity in contaminated soil. MNPs prepared by biofriendly methods and modified and functionalized can be combined with microorganisms to form biosensors, which can well establish a microbial detection method of MNP-based biosensors and nanosensors. This method with high sensitivity and good reproducibility can accurately characterize the comprehensive biotoxicity of composite contaminated soil.



Jia Jianli et al. developed a whole-cell bioreporter ADPWH recA, which combines magnetic nanoparticles with genetically modified Escherichia coli and can judge soil ecotoxicity by luminescence intensity. The application of magnetic nanoparticles allows permanent magnets to recover sensors from soil samples to reduce soil particle interference [106]. Figure 2 shows the use process of the sensor. After the sensor reacts in the soil diluent, the magnetic probe is used to separate the sensor from the solution, and the luminescence intensity is measured after the MMS solution to characterize the soil eco-toxicity. Compared with the traditional treatment of applying a bioreporter directly to a soil-water mixture (SW-M treatment) or supernatant (SW-S treatment), the bioreporter functionalized with MNPs by a magnetic device (MFB) has higher sensitivity and better reproducibility to evaluate the toxicity and bioavailability of Cr contamination in soil. Zhang et al. used MNPs to combine with Bright Luminescent Bacillus to synthesize a magnetic nanobacterial sensor for detecting soil biological toxicity [107]. The characteristic of this sensor is that it does not require changing the physical and chemical properties of pollutants in the soil, thus obtaining more accurate results for determining the biological toxicity of contaminated soil [108].





5. Conclusions and Outlook


This article reviews the research progress of magnetic nanomaterials from two aspects: preparation and modification. In addition, this article reviews the preparation methods of magnetic nanomaterials and their applications in the field of environmental detection. In the current research, researchers have developed a series of magnetic nanomaterials for soil and water environment detection. These materials have achieved good results in environmental testing, but there are still issues that need to be addressed, such as the complex preparation methods for MNPs and the low recovery rates of MNPs in soil. Although magnetic nanoparticles can directly extract pollutants from water and soil for quantitative detection, they cannot directly detect the biological toxicity of environmental samples. The article mentions that combining MNPs with microorganisms to prepare an MNPs-microbe sensor can effectively measure the biological toxicity of environmental samples. This method separates the sensor from the contaminated sample through the action of an external magnetic field, and can directly measure the biological toxicity of the sample without other operations. However, due to the easy aggregation and poor biological activity of ordinary MNPs, the performance of synthetic sensors is unstable. How to prepare magnetic nanoparticles with regular shapes, good dispersion performance, good biocompatibility and biological activity, good stability under physiological conditions, and green environmental protection is currently a research hotspot. Biomimetic mineralization is the most successful alternative method for producing nanomaterials in a biologically friendly manner, but this method currently has problems such as high preparation costs and low yield. In the future, further research should be conducted on biomimetic mineralization methods to facilitate the widespread utilization of bio-friendly MNPs in industries such as healthcare, environment, and food.
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