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Abstract

:

Developing efficient and sustainable pollution control technologies has become a research priority in the context of escalating global environmental pollution. Nano zero-valent iron (nZVI), with its high specific surface area and strong reducing power, demonstrates remarkable performance in pollutant removal. Still, its application is limited by issues such as oxidation, passivation, and particle aggregation. White rot fungi (WRF) possess a unique enzyme system that enables them to degrade a wide range of pollutants effectively, yet they face challenges such as long degradation cycles and low degradation efficiency. Despite the significant role of nZVI in pollutant remediation, most contaminated sites still rely on microbial remediation as a concurrent or ultimate treatment method to achieve remediation goals. The synergistic combination of nZVI and WRF can leverage their respective advantages, thereby enhancing pollution control efficiency. This paper reviews the mechanisms, advantages, and disadvantages of nZVI and WRF in pollution control, lists application examples, and discusses their synergistic application in pollution control, highlighting their potential in pollutant remediation and providing new insights for combined pollutant treatment. However, research on the combined use of nZVI and WRF for pollutant remediation is still relatively scarce, necessitating a deeper understanding of their synergistic potential and further exploration of their cooperative interactions.
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1. Introduction


In the face of increasing global environmental pollution, there is a growing focus on developing efficient and sustainable technologies for remediating pollutants. Pollution removal and remediation have always been central concerns in the field of environmental science. In recent years, there has been a growing focus on using nanomaterials and microorganisms for environmental pollutant remediation. Nanomaterials have unique physicochemical properties, including large specific surface areas, abundant active sites, and adjustable surface properties, making them ideal for the adsorption and catalytic degradation of pollutants. Microorganisms, being highly metabolically capable and selective, can degrade specific pollutants under certain conditions, showing great potential for practical applications. Nanoparticles are ubiquitous and coexist with microorganisms in various environments on Earth. The interactions between microorganisms and nanoparticles influence biogeochemical cycles by accelerating reaction rates and facilitating biological processes at microscales [1]. Therefore, utilizing nanomaterials in conjunction with microorganisms for the remediation of pollutants through synergistic actions is considered to be an effective and feasible approach.



Nano zero-valent iron (nZVI) is a type of nanomaterial known for its large specific surface area, high reactivity, and strong adsorption capacity. Unlike traditional remediation materials, nZVI not only has higher removal efficiency but also requires lower dosages to effectively adsorb and remove pollutants. However, its application is limited due to potential toxicity, stability issues, and susceptibility to oxidation and passivation during long-term use. White-rot fungi (WRF) are a type of microorganism that belongs to the Basidiomycota class. They have strong capabilities for degrading various pollutants because of their unique metabolic pathways and mechanisms for breaking down large substances outside the cell. Enzymatic and free radical reactions are key processes in this degradation [2]. However, the degradation cycle of WRF for pollutants is relatively long, and their degradation efficiency is not high. Additionally, their growth cycle is lengthy, and enzyme activity is limited by various factors. Some studies have shown that combining WRF with nanomaterials can enhance their biotechnological conversion efficiency and reduce processing time [3].



This paper summarizes and reviews the research progress on nZVI and WRF in the field of pollutant remediation and explores the potential applications of their combined use. Firstly, the advantages and disadvantages, removal mechanisms, and applications of nZVI and WRF in pollutant remediation are introduced, with a focus on their application in the treatment of different types of pollutants, such as heavy metals and organic pollutants. Secondly, the advantages of combining nZVI with microorganisms and their interactions are reviewed, explaining the principles and influencing factors of their synergistic effects. Finally, the practical applications of combining nZVI with WRF for pollutant remediation are explored, emphasizing their potential in pollutant control. However, research on their combined use is relatively scarce, and future studies should focus on deeply understanding the synergistic potential of WRF and nZVI and exploring their collaborative interactions. Through an in-depth exploration of the combined remediation technology of nZVI and WRF, new insights and methods for addressing environmental pollution issues are expected to emerge, driving innovation and development in environmental remediation technologies and promoting the achievement of sustainable development goals. This paper aims to review the research progress of nZVI and WRF in the field of pollutant remediation, exploring the potential prospects of their combined application, analyzing their advantages and synergistic mechanisms in pollutant treatment, and providing valuable insights for future research on the joint application of nZVI and WRF.




2. Nano Zero-Valent Iron


nZVI stands for zero-valent iron (ZVI) particles with diameters ranging from 1 to 100 nm. These nanomaterials are known for their large specific surface area, strong reducibility, and high adsorption capacity [4,5,6]. The earliest research on nZVI can be traced back to 1995 when Glavee et al. [7] first prepared nZVI powder by borohydride reduction in Fe (II) and Fe (III). In comparison to ZVI, nZVI exhibits a larger specific surface area and higher reactivity, enabling direct injection into contaminated areas for in situ remediation. It serves as an efficient material for removing or degrading various pollutants, demonstrating promising applications in water pollution treatment systems, and is among the most extensively researched nanomaterials in the field of water treatment [8,9,10,11,12,13]. In recent years, there has been extensive exploration of preparation methods for nZVI, with liquid-phase reduction being a commonly employed technique. The fundamental principle involves using a potent reducing agent, BH4-, under the protection of inert gases like nitrogen or argon to convert Fe2+ or Fe3+ to ZVI, thus facilitating the synthesis of nZVI. In laboratory preparations, NaBH4 or KBH4 solutions are typically chosen as reducing agents, and the reaction is carried out in a liquid-phase environment. The process flow diagram for the preparation of nZVI via liquid-phase reduction is depicted in Figure 1 [14].



Green synthesis, as an alternative and environmentally friendly technique for nZVI synthesis, has gained increasing attention in recent years; this method offers advantages such as cost-effectiveness, ease of preparation, reduced chemical usage, reliability, and environmental friendliness [15]. It uses bioactive substances from plant extracts to reduce Fe (III) or Fe (II) to Fe (0). Plant extracts contain reducing agents such as polyphenols and flavonoids, which not only reduce Fe (III) or Fe (II) but also effectively prevent nanoparticle aggregation [16]. Some studies have used plant extracts to synthesize nanoscale zero-valent iron (nZVI). For example, plant extracts were prepared by boiling 60 g/L of Damascus rose, thyme, and nettle leaves at 80 °C for 1 h [17]; walnut husk extract was prepared by boiling 20 g/L of walnut husks at 60 °C for 20 min [18]; and pomegranate peel extract was made by boiling 60 g/L of pomegranate peels at 80 °C for 1 h, with the remaining peels filtered using a vacuum pump [19]. Additionally, 15 g of dried eucalyptus leaves were boiled in 250 mL of deionized water at 80 °C for 1 h, and the extract was vacuum filtered and stored at 4 °C for future use. Green tea extract was prepared with a similar process [20]. Other plants that can be used to extract bioactive reducing agents include vine leaves, black tea, and more. The green synthesis method for nZVI, using plant extracts instead of traditional chemical-reducing agents, not only avoids the use of harmful chemicals and reduces environmental pollution but also significantly lowers synthesis costs. Plant extracts are widely available, inexpensive, and rich in active compounds such as polyphenols and flavonoids, which not only effectively reduce iron ions but also prevent nanoparticle agglomeration, thereby enhancing the stability and reactivity of nZVI. In addition, the green synthesis process is simple, requires no complex equipment or techniques, and is suitable for large-scale production. With its advantages of being environmentally friendly, low-cost, highly stable, and efficient, the green synthesis method has gained increasing attention in the preparation of nZVI and shows great potential for applications in environmental remediation and other fields.



2.1. Mechanisms of Pollutant Removal by nZVI


The process of nZVI remediating water involves multiple sequential reactions, including adsorption, reduction, precipitation, and oxidation (in the presence of dissolved oxygen). These reactions work together to complete the overall remediation mechanism [6,21]. Due to its extremely small size and large specific surface area, nZVI exhibits excellent adsorption performance, reduction capability, and reactivity. In anaerobic conditions, based on Equations (1) and (2), Fe0 can be oxidized by H2O or H+, generating Fe2+ and H2, which may also act as potential reducing agents for pollutants. Therefore, due to corrosion, there are three main reducing agents in the Fe-H2O system: Fe, Fe2+, and H2 [22]. The removal process of organic pollutants involves two key steps: first, the oxidation of Fe0, followed by the reduction in organic pollutants [23]. In this process, Fe0 releases electrons, which are used to reduce organic pollutants. Equation (3) shows the reaction of Fe0 releasing electrons.


Fe + 2H2O→Fe2+ + H2 + 2OH−



(1)






Fe + 2H+→Fe2+ + H2



(2)






Fe0→Fe2+ + 2e−



(3)







The removal of pollutants involves coagulation or precipitation, where pollutants and intermediates coagulate with Fe (II) and Fe (III) oxides or hydroxides. According to Equations (4)–(6), Fe2+ is oxidized to Fe3+, and then Fe3+ and Fe2+ react with OH− to form iron hydroxides, ultimately removing pollutants through coagulation or precipitation [24]. Additionally, the corrosion of Fe0 can lead to an increase in pH in weakly buffered systems, with the effect being more pronounced under aerobic conditions due to the faster corrosion rate. Fe3+ is the oxidation product of the redox reaction between Fe2+ and pollutants. The pH increase associated with corrosion favors the formation of Fe (OH)3, which is an effective flocculant [25].


Fe2+→Fe3+ + e−



(4)






Fe2+ + 2OH−→Fe (OH)2



(5)






Fe3+ + 3OH−→Fe (OH)3



(6)







Dissolved oxygen (DO) plays a crucial role in the degradation of pollutants by nZVI. Under aerobic conditions, the corrosion of Fe produces hydrogen peroxide (H2O2). According to Reactions (7)–(9), the presence of DO promotes the generation of hydroxyl radicals (OH), which are sufficiently strong oxidants to effectively degrade a variety of organic compounds [22]. According to Reactions (10)–(12), during the reaction process, Fe3+ reacts with H2O2, regenerating Fe2+ and∙O2−, the cyclic reactions between Fe2+, Fe3+, ∙OH, and ∙O2− continue throughout the process, and based on Reactions (13) to (14), the conversion of ∙O2− can produce 1O2 [26,27].


Fe0 + O2 + 2H+→Fe2+ + H2O2



(7)






Fe0 + H2O2 + 2H+→Fe2+ + H2O



(8)






Fe2+ + H2O2→Fe3+ +∙OH + OH−



(9)






Fe3+ + H2O2→Fe2+ + 2H+ + O2−



(10)






Fe2+ +∙OH→Fe3+ + OH−



(11)






Fe3+ +∙O2−→Fe2+ +O2



(12)






2O2− + H2O→1O2 + H2O2 + 2OH−



(13)






O2− + H+→1O2 + H2O2



(14)







In summary, the process of water remediation by nZVI involves multiple sequential reactions, including adsorption, reduction, precipitation, and oxidation. These reactions collectively contribute to the completion of the overall remediation mechanism. nZVI effectively captures and immobilizes pollutant molecules through adsorption, thereby reducing their concentration in water. In the reduction reactions, electrons released by nZVI are used to reduce organic and inorganic pollutants, decreasing their toxicity and reactivity and facilitating the restoration of the aquatic environment. The coagulation and precipitation processes facilitate the binding of pollutants to the generated precipitates, achieving the separation and removal of the pollutants. In oxidation reactions, the presence of dissolved oxygen accelerates the generation of hydroxyl radicals, aiding in the oxidative degradation of organic compounds and further enhancing the purification effect on water quality. Integrating these reaction processes, the mechanism of pollutant removal by nZVI is multi-level and multi-faceted, achieving efficient and comprehensive pollution purification through synergistic interactions.




2.2. Limitations of nZVI


Despite its widespread application, nZVI also has certain limitations. Due to the small particle size, large specific surface area, and high surface energy of nZVI, surface effects cause the interparticle binding force to exceed its own weight, leading to a lack of stability. Additionally, the magnetic interactions between nZVI particles make them prone to agglomeration, significantly reducing the specific surface area available for reactions and thereby decreasing degradation efficiency [8,28,29]. nZVI is prone to oxidation and passivation. Brief contact with air and water can cause it to oxidize into Fe (II) or Fe (III), significantly reducing its ability to reduce other substances. If nZVI is highly pure and comes into direct contact with air, it can ignite spontaneously or produce sparks. Gradual exposure to oxygen in the air can result in the formation of an iron oxide shell on the surface, which reduces its reactivity [30,31,32]. The chemical potential gradient at the the interface between water and nZVI involves the transition of Fe species from outer Fe (III) oxides to a mixed Fe (III)/Fe (II) layer, followed by Fe (II) oxides and pure Fe (0), creating an ideal pathway for electron transfer for the reduction in surface-bound pollutants [33]. The core–shell structure of nZVI endows it with excellent overall performance. The metallic iron acts as an electron donor, providing reduction properties, while the oxide shell facilitates or inhibits electron transfer from the metallic core to the shell through electrostatic interactions and/or surface complexation. The core–shell structure is primarily composed of iron oxides, which are formed during the synthesis of nZVI through the corrosion of the iron core by water, oxygen, and substrates; as the exposure distance increases, the oxide phases sequentially form FeO, Fe3O4, and Fe2O3. The oxide shell of nZVI is initially composed mainly of conductive iron oxides (such as FeO and Fe₃O₄), and a new hydroxyl oxide shell composed of FeOOH will form with prolonged reaction time in the solution [15]. The reduction process of pollutants relies on the indirect electron transfer from the iron core through the oxide shell to the adsorbed pollutants. Generally, iron oxide is considered an n-type semiconductor, and its electrical migration is related to the energy required to excite electrons from the valence band to the conduction band (i.e., Eg); the Eg value of FeOOH is significantly higher than that of FeO and Fe₃O₄, which indicates that FeOOH will inhibit electron transfer from the iron core to the iron oxide shell, thereby slowing down the reduction in pollutants, FeOOH primarily acts as a physical barrier between the underlying metal and dissolved oxidants, suppressing electron transfer [15,34]. In the absence of modification, the majority of synthesized nZVI particles are spherical. The structural model and reaction mechanisms of nZVI are illustrated in Figure 2 [35].




2.3. Modification of nZVI


Currently, many studies are focused on enhancing the stability and reactivity of nZVI through modification. These modification approaches typically include stabilized nZVI, bimetallic nZVI, supported nZVI, and sulfided nZVI (S-nZVI). The limitations of these modification strategies for nZVI and their respective applications are illustrated in Figure 3 [36].



2.3.1. Sulfidized nZVI


To enhance the stability and reactivity of nZVI, S-nZVI is one of the most promising methods to inhibit the surface oxidation of nZVI and accelerate electron transfer. The sulfidation process forms an FeS shell on the nZVI surface, reducing its contact area with water and thus effectively inhibiting the oxidation of nZVI; hydrophobic iron sulfides such as tetragonal ferrosulfide and pyrite have a higher affinity for pollutants [36,37,38]. The superior performance of S-nZVI can be attributed to its unique core–shell structure, which provides exceptional adsorption and reduction capabilities [39,40]. Li et al. [41] synthesized sulfidated nZVI coated with alginate (S-nZVI@alginate) and evaluated its debromination activity towards tetrabromobisphenol A (TBBPA). Experimental results indicated that S-nZVI@alginate accelerated the removal process of TBBPA.



Sulfidation, being a widely used modification technique, is essential in preventing the oxidation and agglomeration of nZVI, speeding up electron transfer rates, and increasing the specific surface area, which collectively improves the efficiency of pollutant removal in water. However, although sulfidation can enhance the stability of nZVI, its ability to improve oxidation resistance is limited, and the rapid electron transfer rate can lead to the reaction of S-nZVI with water to produce hydrogen gas, thereby reducing the removal efficiency. Therefore, it is necessary to combine sulfuration with other modification methods to explore more effective functionalization strategies for preparing more efficient materials. Sulfidation enhances the hydrophobicity of the nZVI surface, decreasing the nano-iron’s reduction capacity towards water and thus reducing the ineffective loss of electrons. Currently, the research on pollutant removal by S-nZVI mainly involves three mechanisms: adsorption, oxidation, and reduction. These studies provide important references for a deeper understanding of the mechanisms of S-nZVI in environmental remediation and point to directions for future research and applications.




2.3.2. Supported nZVI


Supported nZVI not only increases the specific surface area of the material, enhancing its contact area with pollutants, but also accelerates the transfer of pollutants to active sites through the adsorption properties of the support itself, effectively preventing nZVI agglomeration [36,42,43,44]. Zhou et al. [45] successfully synthesized chitosan-coated nano-iron-nickel bimetallic particles (CS-Fe-Ni), which enhanced the dispersion stability and mobility of the nano-iron. Kustov et al. [46] attempted to use three types of modified chitosan-stabilized Pd-nZVI nanoparticles to degrade the perchloromethane (PCE), successfully degrading 0.05 mmol of PCE within 180 min. Xue et al. [47] synthesized the composite material of nanosized zero-valent iron and garlic biomass (CMGP-nZVI) using a liquid-phase reduction method for the degradation and purification of methylene blue in aqueous solutions. The results indicated that CMGP-nZVI exhibited significantly better performance in treating methylene blue than garlic waste alone, with the loading of nZVI markedly enhancing the adsorption capacity. Cheng et al. [48] investigated the phosphorus removal efficiency of porous ceramsite loaded with nZVI. The study revealed that the composite material not only increased the dispersion and stability of the nZVI particles but also significantly improved the treatment efficacy of phosphorus-containing wastewater due to the synergistic adsorption properties of the porous material. Shi et al. [49] successfully prepared bentonite supported nano zero-valent iron (B-nZVI) using the sodium borohydride reduction method and applied it for the removal of Cr (VI) from water. In the supported nZVI system, bentonite has been demonstrated to act as an effective dispersant and stabilizer, effectively reducing the agglomeration of Fe0 and thereby increasing the removal efficiency of Cr (VI). The study results indicated that, compared to plain nZVI, B-nZVI exhibited superior removal efficiency, with removal rates of 100% and 60%, respectively.



In conclusion, supported nZVI can effectively address the drawbacks of nZVI, such as its tendency to agglomerate and its low reactivity. This enhancement increases the contact area between the nanoparticles and pollutants. Additionally, the use of supported nZVI can prevent the release of large quantities of nanoparticles into the environment, reducing potential environmental hazards and improving pollutant removal efficiency and stability. Overall, this demonstrates a promising prospect for application.




2.3.3. Varying Reactivity of nZVI


The nZVI synthesized through various methods exhibits differences in structural configuration, particle size distribution, and surface area. These distinctions influence nZVI’s reactivity and aggregation behavior, potentially resulting in diverse outcomes in remediation efficiency and toxicity. Gil-Díaz et al. [50] compared the effectiveness of three commercial ZVI nanoparticles in stabilizing arsenic and mercury in two soil types. At lower doses of nZVI, the stabilization effect on arsenic was significant, whereas mercury required higher doses to effectively reduce its exchangeable content. The stabilization effectiveness of metals (metalloids) depends on the type of nZVI, soil properties, and contaminant characteristics. Different nZVIs exhibit varying effects in stabilizing arsenic and mercury, with nano-iron being more effective for arsenic, while RNIP and RNIP-D perform better for mercury. The remediation efficiency of commercial nZVI varies depending on the metal (metalloid), necessitating further laboratory-scale experiments to determine the most suitable nZVI type for each contaminated site. Eljamal et al. [51] used four different stabilized nZVIs, including polyacrylamide nZVI (PAA-nZVI), carboxymethyl cellulose nZVI (CMC-nZVI), polyethylene sorbitan monolaurate nZVI (PSM-nZVI), and polyvinylpyrrolidone nZVI (PVP-nZVI), as well as bare nZVI, to compare the highest nitrate and phosphate removal rates. The study found that the nitrate reduction efficiency was as follows: PVP-nZVI > PAA-nZVI > PSM-nZVI > CMC-nZVI > bare nZVI. The phosphate removal rates were as follows: PAA-nZVI > bare nZVI > PSM-nZVI > PVP-nZVI > CMC-nZVI. The results indicated that PAA-nZVI demonstrated superior performance in removing nitrate and phosphate across a broad pH range compared to other nZVIs. Mokete et al. [52] studied the reactivity of three metal-doped nZVIs (bimetallic), including Fe-Cu, Fe-Ni, Fe-Ag bimetallic particles, and nZVI in aqueous solution. nZVI and its bimetallic nanoparticles underwent oxidation during the reaction. nZVI showed the highest reactivity under acidic conditions, followed by FeNi, FeAg, and FeCu, with bimetals showing slightly lower activity due to the shielding effect on the iron core. Under oxygen-rich conditions, FeNi exhibited the best short-term performance within 3 h. The nitrate removal efficiency under alkaline conditions was in the order of FeCu, FeAg, FeNi, and nZVI. The effect of temperature on the different bimetals varied: FeCu performed best at 90 °C, FeNi had the highest iron dissolution at both 5 °C and 90 °C, while FeAg was most reactive at 25 °C. Doping with Ni, Cu, and Ag increased surface area, delayed oxidation, and enhanced electron transfer ability. The reactivity of nZVI and bimetals differed significantly under varying conditions, with FeNi showing excellent short-term performance, FeCu being suitable for high temperatures, and FeAg performing well in moderate-temperature environments.



The selection and optimization of nZVI types should be based on the characteristics of the contaminants and the conditions of the soil or water, in combination with laboratory-scale tests to determine the most suitable type of nZVI. Simultaneously, in-depth exploration of the effects of different preparation methods on the long-term stability and reactivity of nZVI is essential. By utilizing diversified stabilizers and metal doping strategies, the performance of nZVI under complex environmental conditions can be further enhanced, improving its remediation effectiveness for various pollutants to achieve broader practical applications. Through detailed research and optimization of nZVI’s varying reactivities, the application in pollution control can become more widespread and efficient.






3. nZVI Combined with Microorganisms


Although nZVI plays a significant role in pollutant remediation, most contaminated sites still rely on bioremediation as a concurrent or ultimate treatment approach to achieve remediation goals. Microbial communities are not only crucial for nutrient cycling in ecosystems but also play a key role in the degradation and immobilization of pollutants and heavy metals [53]. Bioremediation is an efficient, environmentally friendly, and cost-effective approach. Since it is a natural process, it results in minimal adverse effects on the environment [54,55,56]. However, bioremediation is influenced by various environmental factors, such as changes in oxygen levels, pH, and ambient temperature, all of which can affect its effectiveness. Additionally, due to the limitations of biological metabolic efficiency, the rate of bioremediation is typically slow, resulting in relatively long degradation cycles for pollutants, making it difficult to observe significant changes in the short term. Consequently, in recent years, the integration of bioremediation with other technologies has emerged as a primary research direction. Combined remediation technology involves integrating two or more methods to overcome the limitations of individual approaches and enhance remediation efficiency, thereby reducing costs and improving effectiveness. Consequently, some research has focused on integrating nZVI with microorganisms to exploit their synergistic benefits for pollution remediation.



3.1. The Impact of nZVI on Microorganisms


The corrosion of nZVI can potentially decrease the oxidation–reduction potential (ORP), thus establishing an appropriate reducing environment conducive to the growth of anaerobic bacteria [57]; the hydrogen gas generated at the cathode during the corrosion of nZVI serves as a preferred electron donor for various microorganisms, including dehalogenating bacteria (DHB), methanogenic, denitrifying bacteria (DNB), and sulfate-reducing bacteria (SRB) [58,59,60]. The iron oxides and hydroxides generated from nZVI corrosion can improve the biodegradation efficiency of iron-reducing bacteria (IRB) by supplying electron acceptors and decreasing the toxicity of pollutants to the bacteria [57]. Certain iron-oxidizing bacteria (IOB) are capable of using H+ directly from the nanoparticles that form on their cell walls [1,53]. Additionally, microbial cells can avert self-toxicity by secreting metal-binding compounds into the extracellular environment, where these metals are chelated, thus preventing their entry into the cells via non-specific membrane transport proteins [61]. In addition, iron precipitation assists in preventing the buildup of toxic metabolic byproducts (such as H2S) and also hinders the penetration of nanoparticles into cells, thus promoting microbial survival or encouraging the formation of biofilms [1,62,63]. Furthermore, studies measuring dehydrogenase activity show that lower concentrations of nZVI (20 and 50 mg/L) can enhance microbial activity. Moreover, nZVI does not have any harmful effects on the total bacterial abundance in the microenvironment, and nZVI with a biodegradable polyaspartic acid coating can increase bacterial numbers [64,65]. The corrosion and dissolution of nZVI not only serve as a source of trace elements and electron donors (such as H2/[H]) but also enhance the system’s buffering capacity and adjust the oxidation–reduction potential, thereby creating a favorable thermodynamic environment. This environment supports the growth of organic-degrading bacteria (ODB) and hydrogenotrophic methanogens (HM), consequently enhancing the relative abundance of microorganisms [66]. nZVI is highly reactive to oxygen and can consume trace amounts of oxygen at bioremediation sites, which rapidly promotes the in situ biological system to achieve reducing conditions and lowers ORP [65]. The low ORP generated by nZVI in the subsurface environment may promote the respiration of DHB on organohalides by providing favorable growth conditions and shortening the dehalogenation lag period after biostimulation at bioremediation sites [67].




3.2. The Effects of Microorganisms on nZVI


Issues such as agglomeration and passivation limit the reactivity and mobility of nZVI. The interaction of microorganisms with nZVI is a convenient and environmentally friendly approach that can prevent passivation and enhance its reactivity. Microbial reduction helps maintain a low redox potential and consumes potential competing oxidants that may react with nZVI [63]. The microorganism Shewanella oneidensis MR-1 (MR-1) is widely distributed in aquatic environments; MR-1 can utilize Fe (III) (hydr)oxides as electron acceptors, forming biofilms and inducing anaerobic respiration, which reduces Fe (III) to Fe (II). This process promotes the dissolution of the passivation layer on the nZVI surface and extends its reactivity; due to the widespread presence of MR-1 in natural water bodies, its use does not pose secondary pollution issues [68].



Other microorganisms also exhibit excellent Fe (III) reduction capabilities. For instance, Penicillium oxalicum SL2 (P.oxalicum SL2), a promising nZVI-activating biomaterial, can dissolve iron precipitates deposited on the nZVI surface and regenerate them into Fe (II) [69]. IRB reduce Fe (III) to Fe (II) through co-metabolism, reversing the negative effects caused by corrosion products; this eliminates the electron transfer barriers between nZVI and target pollutants, reactivating the degradation activity of nZVI [57]. Microbial extracellular polymer substances (EPSs) can protect internal Fe0 from exposure to air, preventing the formation of a passivation layer on the nZVI surface. This reduces the concentration of hydroxyl radicals in the aquatic environment, increases the reactivity of nZVI, and enhances its reductive and adsorptive properties [70].




3.3. Mechanisms of Interaction between nZVI and Microorganisms


The interactions between microorganisms and nZVI can be divided into direct and indirect mechanisms. nZVI nanoparticles tend to adhere directly to the microbial surface due to electrostatic attraction, hydrogen bonding, or other driving forces; direct contact can influence microorganisms by enhancing direct electron transfer, providing iron nutrients, and generating reactive oxygen species (ROS), and indirect pathways mainly affect microorganisms by altering geochemical conditions or interacting with other elements. This effect could be realized through the formation of corrosion products or the interaction between iron and other elements [63]. The interaction pathways between nZVI and microorganisms are depicted in Figure 4 [63].





4. White Rot Fungi


WRF, classified under the class basidiomycetes, are microorganisms that cause white rot in wood or trees. Their hyphae can penetrate the cell cavities and release lignin-degrading enzymes, breaking down lignin into a white, spongy material [71]. Lignin-degrading enzymes are classified into two main categories: heme peroxidases and phenol oxidases [72]. Heme peroxidases consist of enzymes like lignin peroxidase (LiP), manganese peroxidase (MnP), and Mn (II): hydrogen peroxide oxidoreductase. Enzymes included in phenol oxidase are laccase (Lac) [73]. The lignin-degrading system of WRF plays a crucial role in the degradation of pollutants, especially LiP, which has a high redox potential (700–1400 mV); it can catalyze the degradation of various aromatic structures, such as veratryl alcohol (3,4-dimethoxybenzyl) and methoxybenzene [73]. MnP plays an important role in bioremediation owing to its significant potential for degradation. The morphology of the WRF Phanerochaete chrysosporium (P. chrysosporium) is shown in Figure 5.



4.1. Mechanisms of Pollutant Removal by White Rot Fungi


The removal and bioremediation of organic pollutants by WRF is a complex process that does not rely solely on one or a few enzymes. Instead, it involves the coordinated action of various components, ultimately leading to the efficient degradation of pollutants. The degradation of pollutants by WRF generally involves two stages: initially, various enzymes that can degrade pollutants are synthesized intracellularly, followed by their secretion into the extracellular space, where the degradation process occurs. WRF are capable of degrading and converting complex lignin macromolecules and xenobiotic compounds via the combined action of their enzyme systems and free radicals [2]. The enzyme system includes peroxidases that require H2O2 and oxidases that produce H2O2.



H2O2-dependent peroxidases are enzymes that use H2O2 to function and can oxidize and degrade lignin as well as lignin model compounds. The activity of peroxidases is critically dependent on H2O2 [74], such as LiP and MnP. Oxidase responsible for hydrogen peroxide production, including glucose oxidase (GOx), glyoxal oxidase (GLOX), and aryl-alcohol oxidase (AAO).



The removal of organic pollutants by LiP from WRF is presented in Table 1, while the removal of organic pollutants by MnP is presented in Table 2.



WRF produce extracellular enzymes such as LiP, MnP, and Lac. These enzymes are synthesized intracellularly and secreted extracellularly to perform their functions. Despite their non-selective nature, they can effectively degrade lignin and are thus commonly known as lignin-modifying enzymes (LMEs). The non-specific nature of these enzymes allows them to convert a wide range of persistent chemicals that have structures similar to lignin [92]. Because the chemical structures of many persistent pollutants resemble lignin, WRF demonstrate a significant ability to degrade a variety of pollutants through their unique metabolic types and mechanisms for extracellular macromolecule degradation. These pollutants include polycyclic aromatic hydrocarbons (PAHs) [93,94,95], polychlorinated biphenyls (PCBs) [96,97], pesticides [98,99], dyes [100,101], etc. Therefore, the degradation capability of WRF is not limited to lignin-like substances but also extends to other pollutants with similar chemical structures, providing a viable bioremediation approach for environmental pollutants. Figure 6 shows the mechanisms and enzymes associated with the initial intracellular attack and extracellular oxidation [102].




4.2. Remediation of Heavy Metal Pollutants by WRF


WRF are effective not only in degrading organic pollutants but also in remediating heavy metal contamination. The primary mechanism for heavy metal removal by WRF is biosorption. The fungal cell walls possess various functional groups, including carboxyl, amino, and hydroxyl groups, which exhibit a high affinity for metal ions; these functional groups bind to heavy metal ions, thereby isolating and immobilizing them within the fungal biomass [103]. Lu et al. [104] developed a novel functionalized P. chrysosporium incorporating intracellular mineral scaffolds for the biosorption of heavy metal ions. According to the intraparticle diffusion model study, the biosorption process consists of three stages: an initial rapid surface adsorption stage, a slow transfer stage from the outer to the inner parts, and a final equilibrium stage. Sharma et al. [105] studied the bioremediation of industrial wastewater using the WRF Phlebia brevispora (P. brevispora) and Phlebia floridensis (P. floridensis) and compared their performance with P. chrysosporium. Spectroscopic analysis revealed that the maximum removal rates for nickel were 98–99%, for cadmium were 97–98%, and for lead were 12–98%. This indicates that WRF can serve as effective biosorbents for metal removal from industrial wastewater. Chen et al. [106] used viable P. chrysosporium mycelium to remove heavy metals Cd (II), Cu (II), and Zn (II) from aqueous solutions. The optimal biosorption conditions for the mycelium were found to be a pH of 5.5–6.5, a temperature of 37 °C, and an adsorption time of 6 h. Under these conditions, the fungal biosorbent achieved effective removal of Cd (II), Cu (II), and Zn (II), with maximum removal amounts of 59.77 mg/g, 74.78 mg/g, and 54.12 mg/g, respectively, demonstrating that P. chrysosporium is a promising biosorbent. P. chrysosporium was employed as a cost-effective and eco-friendly biosorbent for the simultaneous biosorption of Cd²⁺ and Ni²⁺. The biosorption process of P. chrysosporium is significantly influenced by factors such as pH, initial metal ion concentration, temperature, and contact time. Cd²⁺ and Ni²⁺ are biosorbed onto the surface of P. chrysosporium through interactions with functional groups on the mycelium that bind to the heavy metals. The cell wall of fungi plays a key role in the adsorption of heavy metals, with isolated cell wall fractions contributing 38–77% of the metal absorption; the adsorption capacity of these cell wall components is 20–50% greater than the total binding capacity of the mycelium [107,108,109]. In addition to biosorption, WRF can also achieve the degradation and removal of heavy metal pollutants by altering the speciation and oxidation states of heavy metals, producing oxidative stress responses and extracellular degradative enzymes, and activating intracellular antioxidant systems. Specifically, the transformation of heavy metal speciation includes the following: altering the composition of heavy metals through chemical precipitation, complexation, and crystallization processes to reduce the bioavailability of metal ions; changes in heavy metal oxidation states—intracellular redox systems such as flavin reductases, cytochromes, and hydrogenases reduce heavy metals to less toxic elemental forms by inducing electron donation; and intracellular antioxidant defenses—responding to oxidative stress by increasing levels of superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione S-transferase (GST), and glutathione (GSH) [103,106]. The mechanisms of WRF in the remediation of heavy metal pollutants are illustrated in Figure 7 [106].




4.3. Limitations of WRF


Bioremediation is an environmentally friendly and sustainable method for pollutant removal; however, the application of WRF in biological treatment faces issues such as long degradation periods and low efficiency, and in practical applications, the degradation rate of pollutants may not meet the needs of short-term remediation. The long growth cycle of WRF, extended hydraulic retention time, and the low pH required for optimal enzyme activity make it challenging to maintain WRF in bioreactors [72]. Additionally, the degradation of organic pollutants by WRF is a part of secondary metabolism; since the concentration of micro-pollutants is insufficient to support the growth of WRF, they require additional carbon sources during their growth [110]. Additionally, the activity and stability of lignin-modifying enzymes secreted by WRF are also easily affected by factors such as temperature and pH.





5. nZVI Combined with WRF for Pollutant Remediation


nZVI and WRF have shown remarkable effectiveness in pollutant remediation. nZVI, with its superior specific surface area, reduction capability, and reactivity, exhibits excellent performance in the removal of heavy metals and organic pollutants, while WRF, with their powerful degradation ability, can efficiently degrade complex organic pollutants. However, research on the combined use of both for pollutant remediation is relatively scarce. Future studies could focus on exploring the mechanisms of the synergistic effects between nZVI and WRF and investigating their applications in different polluted environments. The conceptual model of pollutant remediation using the combined WRF and nZVI system is shown in Figure 8.



5.1. Enhanced Removal of Cd (II) from Water Using Combined WRF and nZVI


The study of cadmium removal using WRF faces issues of long processing time and low efficiency, while nZVI tends to aggregate and oxidize, reducing its reactivity, and also suffers from low cadmium removal efficiency and insufficient stability. Zeng et al. [111] employed a combined system of WRF and nZVI to enhance the removal of Cd (II) from water, investigating the effects of pH, initial Cd (II) concentration, temperature, and nZVI dosage on Cd (II) removal and analyzing the characteristics of nZVI’s impact on the intracellular and extracellular accumulation of cadmium by WRF. The results showed that under the conditions of pH = 6, initial Cd (II) concentration of 50 mg/L, temperature of 30 °C, and nZVI dosage of 0.1 g/L, the Cd (II) removal rate could reach more than 99.5% after 180 min of reaction.



WRF transport Cd (II) into the cells through ion channels on the cell wall and cell membrane, where it accumulates. The addition of nZVI may enhance the active transport capacity of WRF for Cd (II). The nZVI attached to the mycelium of WRF can increase the adsorption sites in the system, thereby improving the extracellular adsorption efficiency of WRF. Moreover, the WRF/nZVI system primarily removes Cd (II) through extracellular accumulation, and the addition of nZVI significantly increases the extracellular cadmium accumulation of WRF. Additionally, nZVI disrupts specific functional groups of fluorescent substances in EPS, causing the polymer backbone to break and bind with iron ions, promoting the formation of iron-containing minerals and enhancing Cd (II) removal. Furthermore, phosphate groups in WRF EPS can act as nucleation sites, fixing and aggregating Fe (II) and Fe (III) generated by nZVI oxidation, forming iron minerals rich in hydroxyl functional groups, such as ferrihydrite and magnetite, thus promoting the adsorption and fixation of Cd (II) in the solution.




5.2. The Combined Use of nZVI and White Rot Fungi Enhances the Degradation of PAHs


PAHs are common hazardous organic pollutants in soil. WRF can effectively degrade low molecular weight PAHs in liquid cultures, but their degradation efficiency for high molecular weight benzo[a]pyrene(Bap) is limited. The removal of Bap through bioremediation alone is relatively low. Tan [112] studied a comprehensive remediation method that combines WRF enhancement with persulfate oxidation activated by nZVI to improve the degradation of PAHs in soil. Direct application of nZVI/persulfate chemical oxidation can consume 55–75% of low molecular weight PAHs and 68% of Bap, while sequential treatment with nZVI/persulfate followed by inoculation with WRF can achieve a removal rate of 92–96% for all tested PAHs, significantly higher than a single treatment.



The increased PAH removal efficiency is attributed to the synergistic effects of chemical oxidation and microbial degradation. nZVI-activated persulfate generates sulfate radicals, which strongly oxidize high molecular weight PAHs, breaking them down into less toxic, lower molecular weight intermediates. These intermediates have higher bioavailability to WRF and are more easily further degraded. WRF utilize these oxidized intermediates, mineralizing them into carbon dioxide and water through a co-metabolic pathway. nZVI particles facilitate the oxidation and biodegradation of PAHs and metabolites by adsorbing them. The chemical oxidation process reduces the toxicity and molecular weight of PAHs, transforming them into more polar hydroxylated intermediates. These intermediates have higher bioavailability to WRF, improving fungal survival and activity. The overall synergistic effect greatly enhances the degradation efficiency, achieving more thorough PAH removal.





6. Conclusions


This paper reviews the application of nZVI and WRF in pollutant remediation. nZVI, as an efficient nanomaterial, has advantages such as a large specific surface area, strong reducibility, and high adsorption capacity. However, during use, it tends to agglomerate, oxidize, and passivate, which reduces its reactivity. To mitigate these issues, techniques such as sulfur modification (S-nZVI) and supported nZVI have achieved some success, enhancing the removal efficiency of nZVI for pollutants.



Although nZVI plays a crucial role in pollutant remediation, most contaminated sites still rely on bioremediation as a concurrent or final treatment approach to achieve remediation goals. Microbial communities are not only crucial for nutrient cycling in ecosystems, but they also play a key role in the degradation and immobilization of pollutants and heavy metals. The corrosion of nZVI reduces the redox potential, thereby creating an optimal environment for microbial growth. The hydrogen gas produced catalytically during nZVI corrosion acts as a preferred electron donor for numerous microorganisms. Moreover, the iron oxides and hydroxides formed during nZVI corrosion enhance microbial biodegradation efficiency by offering electron acceptors and decreasing pollutant toxicity. The iron precipitates assist in preventing the buildup of toxic metabolic byproducts, thereby further aiding in microbial survival. Additionally, nZVI does not adversely affect the overall abundance of microorganisms and, because of its high reactivity, can deplete trace oxygen at bioremediation sites. This swift achievement of reducing conditions in in-situ biological systems contributes to improved bioremediation efficiency. The process of microbial reduction is key in maintaining low oxidation–reduction potential (ORP) and in consuming potential competing oxidants that may react with nZVI. Certain microorganisms utilize Fe (III) (hydr)oxides as electron acceptors, leading to the formation of biofilms and the induction of anaerobic respiration, which reduces Fe (III) to Fe (II). This promotes the dissolution of the passivation layer on the surface of nZVI, thereby extending its reactive activity. Moreover, via co-metabolism, certain microorganisms are capable of reducing Fe (III) to Fe (II), counteracting the adverse effects of corrosion products and removing the electronic transfer barriers between nZVI and pollutants, thus reactivating the degradation potential of nZVI. In addition, microbial extracellular polymeric substances (EPSs) can shield the internal Fe0 from air contact, preventing the formation of a passivation layer on the nZVI surface. This process decreases the concentration of hydroxyl radicals in the aqueous environment, thereby increasing nZVI’s reactivity and enhancing its reductive and adsorptive capabilities, thereby facilitating pollutant degradation.



WRF, known for their distinctive metabolic pathways and extracellular degradation of macromolecules, demonstrate a strong ability to degrade various pollutants. The structural similarity of many recalcitrant pollutants to lignin enables these fungi to utilize their lignin-degrading enzyme system to break down a variety of organic contaminants. WRF have demonstrated good effectiveness in the biodegradation and adsorption of heavy metals, notably in the removal of metals like cadmium, nickel, and lead. Nonetheless, their use is somewhat constrained by issues such as long treatment durations and lower treatment efficiency.



Some studies have demonstrated that combining nZVI with WRF can overcome the limitations of both and enhance the efficiency of pollutant removal. In the context of heavy metal ion remediation, WRF actively transport and accumulate Cd (II) through ion channels located on the cell wall and membrane. The inclusion of nZVI enhances the fungi’s capacity for active Cd (II) transport and attaches to the fungal mycelium, thereby increasing the number of adsorption sites and improving extracellular adsorption efficiency. The WRF/nZVI composite system primarily removes Cd (II) via extracellular accumulation, with nZVI substantially boosting the fungi’s extracellular cadmium accumulation. Moreover, nZVI alters specific functional groups within extracellular polymeric substances (EPSs), allowing these groups to bind with iron ions and foster the formation of iron-containing minerals, thereby improving the removal of Cd (II). Phosphate groups within the extracellular polymeric substances (EPSs) of WRF act as nucleation sites, binding and accumulating Fe (II) and Fe (III) produced from nZVI oxidation. This process results in the formation of iron minerals abundant in hydroxyl functional groups, thereby facilitating the adsorption and stabilization of heavy metal ions. In addressing organic pollutants, nZVI can activate persulfate to produce sulfate radicals, which effectively oxidize high molecular weight organic pollutants such as PAHs, decomposing them into less toxic and smaller molecular weight intermediates. These intermediates are more bioavailable to WRF and can be further degraded more easily. The WRF then use these oxidized intermediates to mineralize them into carbon dioxide and water through co-metabolism. nZVI particles facilitate the oxidation and biodegradation of PAHs and their metabolites through adsorption. The chemical oxidation process decreases the toxicity and molecular weight of PAHs, converting them into more polar hydroxylated intermediates, which enhances their bioavailability to WRF and boosts fungal survival and activity. The combined effects significantly improve degradation efficiency, achieving more complete removal of PAHs.



The integration of nZVI with WRF effectively addresses their respective shortcomings and demonstrates significant synergistic effects. Nonetheless, there is currently limited research on the synergistic remediation of pollutants using WRF in conjunction with nZVI. Future studies should aim to explore and optimize their combined effects to enhance pollutant removal efficiency. This encompasses examining their interaction mechanisms under varying environmental conditions, identifying optimal parameters for synergistic systems, and evaluating the effectiveness of combined applications on various pollutants. A deeper understanding of the joint remediation potential of WRF and nZVI can lead to the development of more effective and sustainable pollution remediation technologies, fostering innovation and progress in environmental management and supporting sustainable development goals.
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Figure 1. Flowchart of the liquid-phase reduction method for preparing nZVI. 
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Figure 2. Structural model and reaction mechanisms of nZVI. 
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Figure 3. Schemes follow the same formatting. Diagram of modification strategies of nZVI (black arrows) and its application drawbacks (red arrows) overcome by modified nZVI. 
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