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The addition of magnetic nanoparticles to batch anaerobic digestion was first reported in 2014. Afterwards, the number of works dealing with this subject has been increasing year by year. The discovery of the enhancement of anaerobic digestion by adding iron-based nanoparticles has created a multidisciplinary emerging research field. As a consequence, in the last years, great efforts have been made to understand the enhancement mechanisms by which magnetic nanoparticles (NPs) addition enhances the anaerobic digestion process of numerous organic wastes. Some hypotheses point to the dissolution of iron as essential iron for anaerobic digestion development, and the state of oxidation of iron NPs that can reduce organic matter to methane. The evolution and trends of this novel topic are discussed in this manuscript. Perspectives on the needed works on this topic are also presented.
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HIGHLIGHTS

• Magnetite nanoparticles produce significant improvements in anaerobic digestion.
• Enhancement mechanisms are still not clear despite the increase of research.
• Iron supplemententation and iron state of oxidation are proposed as mechanisms.
• Iron nanoparticle properties and microbiota complexity are the key issues.
INTRODUCTION
In 2014, two independent groups reported enhancing anaerobic organic waste processing by adding iron oxide nanoparticles (NPs) (Casals et al., 2014; Cruz Viggi et al., 2014). Iron NPs usually are made of zero valent iron (Fe), partially oxidized iron (magnetite, Fe3O4), totally oxidized iron (maghemite or hematite, Fe2O3), and iron oxide-hydroxide (ferrihydrite, FeOOH). Fe and Fe3O4 are both conductive and result in a more stable suspension than the other forms, insulators or semiconductors. In the first work, Casals et al. (2014) reported the increase in the production of biogas when adding magnetite NPs (in batch, with digested sewage sludge as inoculum, and cellulose as substrate) while in the second work, 2 months later, Cruz Viggi et al. (2014) showed how iron-based NPs accelerated methanogenesis (which was translated into an increase of production of methane in practical terms). In both cases, the amount of employed iron was minimal, and the effects were superior to adding only ionic iron. Under these conditions, the results of Casals et al. (2014) were attributed to the corrosion and disintegration of the iron oxide NPs providing sufficient amounts of essential iron needed for microbial proliferation, in an analogy to Feromuxytol, a solution of iron oxide NPs for intravenous administration that the FDA approved to treat iron deficiency anemia (Schwenk et al., 2010). Iron plays a key role in several processes of anaerobic microorganisms and has been used as an additive in anaerobic digestion (Romero-Güiza et al., 2016). In the second case, the effect was attributed to a “catalytic” phenomenon where NPs act as electron conductors between organic matter and microbes to reduce carbon. This latter hypothesis is challenged because insulating NPs (different iron oxide) did not provide any enhancement in anaerobic digestion. In the original hypothesis, the observed other effects produced by different iron-based NPs were not due to their different conductivity but their different solubility, which depends on the crystal structure, nanoparticle size, shape, and surface state. Casals et al. (2014) conducted a detailed study on all the relevant physicochemical characteristics of magnetite NPs. Previously, the same authors (Barrena et al., 2009) have demonstrated that magnetic iron-based NPs showed no toxicity in a large variety of environmental toxicity tests.
Trends of the Emerging Topic
Since then, the number of scientific works describing enhancing anaerobic digestion by the provision of iron-based NPs is exponentially increasing (Figure 1). In a following work, Yang et al. (2015) showed that magnetite addition significantly accelerated methane production from acetate in a dose-independent manner. This indicated its catalytic (or essential nutrient) contribution of the NPs to the process, then amplified by biology, probably re-shaping the microbiome. Results from high-throughput sequencing analysis revealed that Rhodocyclaceae-related species were selectively enriched, which were likely the key players for converting acetate to methane. Compared to the paddy soil enrichments obtained in the absence of magnetite, the maximum methane production rate was significantly higher (1.5–5.5 times higher for the artificial medium and 0.2–1.7 times higher for the effluents). That magnetite additives provided a suitable environment for methanogens was also confirmed the same year (Liu et al., 2015).
[image: Figure 1]FIGURE 1 | Scientific works by year studying the effects of iron-based nanoparticles on anaerobic digestion (keywords of the search: iron nanoparticles AND anaerobic digestion. Source: Scopus®, Elsevier).
In the same year, the hypothesis of NPs as electrodes was again described. Particles of conductive iron oxides (e.g., magnetite) are known to facilitate microbial interspecies electron transfer (termed as electric syntrophy). Electric syntrophy has been reported to enhance the methanogenic degradation of organic acids by mesophilic communities in soil and anaerobic digesters (Yamada et al., 2015). In this work, supplementation of magnetite accelerated methanogenesis from acetate and propionate under thermophilic conditions, while ferrihydrite supplementation also accelerated methanogenesis from propionate. Microbial community analysis revealed that supplementation of magnetite drastically changed bacterial populations in the methanogenic acetate-degrading cultures, in which Tepidoanaerobacter sp. and Coprothermobacter sp. dominated (Yamada et al., 2015). Again, the fact that similar effects were observed with non-conducting NPs complicated the electron transfer hypothesis, while the increased performance of magnetite could be because of its higher dispersion and possibility of realsing iron ions (Casals et al., 2014), not electrical conductivity, or at least not exclusively. Similar results were observed on the anaerobic digestion of dairy wastewater in a batch mode (Baek et al., 2015). In this work, reactors supplemented with ferric oxyhydroxide (R2), and magnetite (R3) showed significantly enhanced biomethanation performance when compared with the control (R1). The removal of chemical oxygen demand (COD) after 30 days was 31.9, 59.3, and 82.5% in R1, R2, and R3, respectively. The consumed COD was almost fully recovered as biogas in R2 and R3, while only 79% was recovered in R1. The total energy production as biogas was accordingly 32.2, 71.0, and 97.7 kJ in R1, R2, and R3, respectively. The reactors also differed in the acid formation profile with more propionate and butyrate found in R1, and more acetate found in R3. The enhanced biomethanation was associated with variations in the bacterial community structure, supposedly induced by the ferric oxides added. In contrast, no evident variation was observed in the microbial community structure among the reactors.
Curiously, only Casals et al. (2014) analyzed the state of iron after digestion, observing a progressive degradation and disintegration of the added NPs. Unfortunately, most of the paper dealing with anaerobic digestion amended with NPs ignore the effects of these materials one released and dispersed on the environment as a fertiliser and its potential associated risks. In general some reports on the fate of magnetite NPs in the environment shown how they tend to slowly dissolve (Cheng et al., 2018).
In 2016, the first review article on understanding bioenergy production and optimization at the nanoscale, including the observations with iron-based NPs, was released. Their extensive literature review indicated that anaerobic digestion process in sludge can be enhanced using magnetite nanoparticles, giving higher methane yields (Rahman et al., 2016). Also in 2016, different nanotechnologies were combined, like supporting magnetite NPs in carbon nanotube fibers, graphite, graphene, and activated carbon, reporting significant enhancements (Zhang et al., 2018).
First Continuous Experiments and Long-Term Effects Studies on Magnetite Supplementation
In 2016, the first study of the use of magnetite NPs in continuous reactors appeared (Vecchia et al., 2016). In particular, this study examined the effect of magnetite nanoparticles supplementation on the methanogenic conversion of organic substrates, both in batch trials using pure compounds (i.e., propionate and butyrate) and in continuous regime trials using real food waste as substrate. Batch experiments demonstrated the validity of the proposed approach once again, whereby the conductive particles were supposed to promote the occurrence of direct interspecies electron transfer processes between acetogens and methanogens. Notably, continuous experiments confirmed the significance of this approach for treating real substrates, although the relative magnitude of the stimulatory effect was slightly lower.
In 2017, the addition of small doses (20 mg L−1) of Fe NPs and Fe3O4 magnetic NPs to pig-manure significantly increased (1.45 and 1.66 times) the biogas volume produced by the control (Abdelsalam et al., 2017). Moreover, the additives above increased dramatically by 1.59 and 1.96 times the methane volume produced by the control (Abdelsalam et al., 2017). Similar benefits at similar doses were observed when co-digesting pig manure and wheat straw (Wang et al., 2017). The same year, a very interesting study appeared where authors studied the long-term effects of magnetite supplementation in the continuous anaerobic digestion regime of a dairy effluent (Baek et al., 2017). The same authors also reported indirect benefits of the magnetite addition in process performance, such as increased process resilience and stability (Baek et al., 2017). Interestingly, in line with the added benefits in addition to enhanced biogas production, the authors observed the robustness of the system against acidification (non published data), or high ammonia concentration (as a consequence of too much nitrogen reduction) (Zhuang et al., 2018).
Following Works Trying to Understand the Mechanisms Involved in Biogas Enhancement
Uncovering underlying mechanisms is necessary to exploit these phenomena for society. This is why works trying to understand fundamental mechanisms of the enhancement of anaerobic digestion by iron-based NPs have also been increasing since little after its discovery. Microbiological systems’ complexity, their acclimation times, proliferation, and phenotype expressions, have to be understood under the exposure to different forms and doses of iron oxide NPs, often superparamagnetic, conductive, and catalyst. Conductive materials have been widely investigated to accelerate and decreases the oscilation typicaly found in the conversion of organic waste to methane. However, the potential mechanisms involved with different types of conductive materials are still unclear. Magnetite and granular activated carbon (GAC), as typical conductive materials, were respectively supplemented to acidogenesis and methanogenesis processes on a two-phase anaerobic digestion system, in an attempt to explore their mechanism of action (Zhao et al., 2017). The results showed that magnetite supplemented to the acidogenic phase enhanced the decomposition of complex organic molecules into simple ones and significantly raised the hydrogen partial pressure, as well as enriched the hydrogen-utilizing methanogens. This was not expected for aceticlastic methanogenesis, known as a mainstream of methanogenesis in most traditional digesters. GAC supplemented to the methanogenic phase had less influence on syntrophic metabolization of alcohols and fatty acids, indicating that direct interspecies electron transfer (DIET) could not fully account for the observed effects.
More specific wastes were also treated with magnetite, as organic solvents (Leitão et al., 2018). The addition of NP (170 mg L−1 total Fe) enhanced the acetate-driven reductive dechlorination of 1,2-dichloroethane to harmless ethene up to 3.3-times, while decreasing the lag time by 0.8 times (23 days) when compared to unamended (magnetite-free) controls. Dechlorination activity was correlated with the abundance of Dehalococcoides mccartyi, which accounted up to 50% of total bacteria, pointing to a key role of this microorganism in the process. Similar results were obtained for ciprofloxacin (Yang et al., 2017). Beneficial effects were also observed in the treatment of the Organic Fraction of Municipal Solid Waste (OFMSW) (Qin et al., 2017). During this year, one of the works postulated on the effects of magnetite NPs absorbing other cations, such as Cu or Zn (Liang et al., 2017).
The year 2017 ended with a publication on the possible effects of Fe3O4 on the different microbial species in the anaerobic consortia, searching for DIET effects that could not entirely describe observations (as the enhancement of biogas production with no conductive iron oxides or the non-enhancement with conductive activated carbon (vide supra) (Zhao et al., 2018a). 2018 started with more studies into magnetite roles in the improvement of anaerobic sludge digestion observing modifications of the microbial populations correlated to the increased biogas production (Peng et al., 2018). An interesting work presented kinetic modeling for bio-augmented anaerobic digestion of the OFMSW by using Fe3O4 nanoparticles were more than 50% of the volatile solid reduction was achieved with the addition of 75 mg L−1 Fe3O4 NPs (Ali et al., 2018). It was also in 2018 when the original hypothesis was recovered, and the enhancement of methane production by Methanosarcina barkeri using Fe3O4 nanoparticles, as an iron sustained release agent, was reported (Chen et al., 2018a). Other hypotheses point that responsible for methane improvement is not only the presence of iron but its state of oxidation, with can happen with magnetite but it is more evident when using zero valent iron NPs which is the most reduced oxidation state of iron. In this case, the effect of the reduction of organic matter to methane has been observed when using materials such as wastewater sludge (Barrena et al., 2021) and pig manure (Cerrillo et al., 2021). These studies highlight the iron state of oxidation as a key role in the enhancement of methane in the anaerobic digestion process, even at thermophilic conditions.
Results Using Wastes From the Different Feedstock
Since then, other wastes were explored, and the observed biogas production enhancement when exposed to iron-based NPs reported. This includes poultry litter (Hassanein et al., 2019), cattle manure (Abdelwahab et al., 2020), glycerol (Im et al., 2019), fresh leachate from a municipal solid waste incineration plant (Lei et al., 2018), canola straw, and banana plant wastes with buffalo dung (Noonari et al., 2019), and microalgal biomass (Zaidi et al., 2018). At the same time, other iron oxidation states were proposed, without notable improvements with respect to magnetite (Chen et al., 2018b), while exploration on the fundamental mechanisms persisted, including now the possibility of NP dissolution, since a significant Fe2+ concentration was detected in the aqueous phase after use of Fe3O4 NPs (Zhao et al., 2018b). In 2019 the enhancement of anaerobic digestion was studied as a method for disinfection and the elimination of antibiotic resistance genes (Xiang et al., 2019; Zhang et al., 2019a; Zhang et al., 2019b), thanks to augmented digestion of the substrate, other added benefit of enhancing biogas production. Since then, a number of tests with positive results in different substrates have been reported, including chicken litter (Aguilar-Moreno et al., 2020), sugar beet waste (Beiki and Keramati, 2019), acetate, propionate, and butyrate under ammonia stressed condition (Lee et al., 2019), phenol (He et al., 2019) and tribromophenol (under microaerobic conditions) (Yang et al., 2019). However the reader should take into account that number of conditions, concentrations of NPs and mode of operation (continuous, semicontinuous or batch) is very large and makes it difficult to interpret and compare results from differents studies.
Understanding the Enhancement Mechanisms by Magnetic NPs Addition
Extensive work has been dedicated to understanding the mechanisms involved in the enhancement of anaerobic digestion using iron-based NPs. Considering that NPs work at relatively low doses (in oder of magnitude of ppm), this indicates an essential nutrient or catalytic effect, together with a biological amplification. Initially, the studies focused on which microbial colonies were modified by the exposure of iron-based NPs to anaerobic digestion (Wang et al., 2016). Currently, as new details of how it works are revealed, the focus is still on the potential contribution of iron NPs to electron transfer activities, as if the addition of a dispersion of conductive NPs will create a chemical environment that promotes the redox processes in which organic matter is degraded towards the production of biogas (Wang et al., 2018; Fu et al., 2019; Jin et al., 2019; Li et al., 2019; Liu et al., 2019; Namal, 2019; Song et al., 2019; Y., Wang et al., 2019a; Zhang et al., 2019). What is undoubtedly clear is that electro-redox activities are increased when iron NPs are present.
With time, the iron oxide NPs have been derived (Ali et al., 2019), and the process has been sophisticated. For example, it has been observed the synergistic effect of alkaline pre-treatment and magnetite NPs application on biogas production from rice straw (Khalid et al., 2019). Similarly, a short-term stimulation of ethanol enhanced the magnetite effect on anaerobic digestion (Wang et al., 2019b). Besides, the use of the magnetic moment of iron-based NPs has been exploited for recycling these NPs, which is always a matter of interest for safety and efficiency (Ren et al., 2019). However, in the dissolution hypothesis, by adequately (low) dosing the digestors, in analogy with the human drug (Feromuxytol), the provided magnetite is consumed during the process before the next doses are needed, avoiding the need of recycling and the dispersion of NPs into the environment (Casals et al., 2014). During 2019, several reviews on the subject were published (Abdelsalam and Samer, 2019; Baniamerian et al., 2019; Dehhaghi et al., 2019) while today current activity continues introducing different magnetic NPs in different specific anaerobic process (Aguilar-Moreno et al., 2020).
Summarizing, it is clear that iron-based NPs at doses of mg L−1 have significant improvements of all aspects of anaerobic digestion: up to 5.5 times increased biogas production together with increased production rate, stability, robustness, disinfection, and reproducibility. Many different types of iron-based NPs have been shown to produce such increase, being small non-aggregated magnetite NPs probably the most efficient species up to date. The underlying mechanism is unclear. It has been observed recurrently that the provision of mineral iron (in many different forms) modifies the microbial populations and increases methanization. There are two current hypotheses, one on the conductivity of magnetite NPs, based on the well-known electron transfer between microbial cells and minerals. However, this hypothesis gets challenged when non-magnetic iron oxide NPs also increases biogas production while other non-iron conductive nanomaterials barely increase biogas production. Besides, there is the iron dosing hypothesis, which consists on the progressive dissolution of the iron oxide NPs to provide this essential nutrient in the form of Fe2+, depending on the chemistry of the waste, the presence of iron, of siderophores, redox conditions, and the NP crystal structure, size, shape and surface state of the employed NPs. Note that providing iron ions in a sustained way is different from providing directly the same amount of iron in the ionic form. Fe2+ is very reactive and short-lived; therefore, a single dose may be too aggressive while its effect is acute (short in time). By providing the iron in an unstable mineral form, it slowly degrades, providing a stable iron-enriched environment from where microbial cells can take advantage. The dosing as NPs has other benefits in these two cases; the NPs can first homogeneously distribute after injection into an anaerobic (close system) before providing its constituents. Due to the slow kinetics of NP dissolution, the introduced dose can be relatively high, in such a way that chronic treatment is provided with a single dose.
CONCLUSION

• Although not yet predictable, particulate mineral iron enhancement of anaerobic digestion seems to work everywhere. Magnetic nanoparticles produced an enhament of anaerobic digestion of different substrates being the most important the increase of the production of methane.
• Among the mechanisms proposed for the enhancement of anaerobic digestion using iron nanoparticles several trends have been studied: iron as an essential element for anaerobic digestion, iron state of oxidation of nanoparticles and change in the microbial community due to iron supplementation.
• Nevertheless, worthwile to mention that there is a wide range of nanoparticles concentation, type mode operation and assay conditions that make difficult to the reader to compare and interpret some studies.
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