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This systematic review analyzes the cadmium (Cd) stabilization mechanisms mediated by nanobubbles (NB) to mitigate its accumulation in Peruvian cacao crops, ensuring compliance with EU Regulation 488/2014. Following PRISMA 2020 guidelines, 63 high-impact studies were synthesized. The findings reveal that the high internal pressure and longevity exceeding 21 days of NBs facilitate sustained oxygen mass transfer, which dynamically increases the soil redox potential (Eh). A mean immobilization efficiency of 50.7 % was identified, which can exceed 70 % through the optimization of gas precursors and internal pressure, effectively shifting Cd toward stable residual fractions. Furthermore, the negative zeta potential of NBs promotes the electrostatic capture of Cd2+ cations, while oxygen saturation in the rhizosphere alters the gene expression of root metal transporters, significantly reducing translocation to the bean. It is concluded that the regulation of these transporters represents a high-precision biotechnological strategy to ensure food safety and the economic sustainability of cacao exporters in the San Martín region.

1. Introduction
Cadmium (Cd) accumulation in agricultural soils represents a critical health and economic concern, as it poses significant challenges under EU Regulation 488/2014. This regulation establishes strict thresholds for Cd content in cacao-derived products; metal bioaccumulation in the bean compromises access to European markets, necessitating the immediate implementation of mitigation technologies. According to Ushikubo et al. (2010) geological factors and fertilizer use have increased Cd levels, exceeding environmental quality standards and threatening international trade. Soils in the Peruvian Amazon contain naturally occurring cadmium derived from Andean weathering processes; the high metal bioavailability in these basins facilitates its translocation into the bean, frequently exceeding the maximum levels (ML) of 0.80 mg/kg established for products with high cacao solids content (Bian et al., 2025). Cd bioavailability in Amazonian soils is governed by the oxidation-reduction potential (Eh). As stated by Oñate et al. (2024) minimal Eh variations alter metal speciation; under hypoxic conditions, Cd remains in soluble fractions. Consequently, Eh manipulation emerges as a necessary strategy to force the transition of the metal toward stable mineral fractions, overcoming the limitations of traditional, slow-acting amendments (Aluthgun y Meegoda, 2019).
Given the requirement for fast-kinetic soil remediation solutions, Nanobubble (NB) technology has emerged. NBs are defined as gas cavities with diameters below 200 nm that possess exceptional physicochemical properties. One of their most distinctive features is their high internal pressure; according to the Young-Laplace equation (Eq. 1), internal pressure increases inversely proportional to the radius, facilitating superior gas mass transfer into the liquid phase compared to macroscopic bubbles (Priya et al., 2025). A crucial aspect is their negative zeta potential; as stated by Wang et al. (2023) this generates electrostatic repulsion forces that ensure prolonged temporal stability within the soil solution. This stability prevents coalescence and rapid buoyancy-driven ascent, optimizing oxygen saturation even within the micropores of the soil matrix. This is decisive for maintaining the oxidizing conditions required for heavy metal immobilization (Chen et al., 2023).
			(1)

The nanobubble-mediated remediation mechanism transcends simple physical oxygenation; the collapse of these nanocavities under specific conditions generates hydroxyl radicals (·OH), inducing advanced oxidation processes (AOPs) that dynamically elevate the redox potential (Eh) of the soil matrix (Neda y Seyed, 2025). This physicochemical synergy promotes the precipitation of iron (Fe) and manganese (Mn) hydroxides, which serve as high-affinity sorption sites for cadmium (Cd2+), facilitating its transition toward less bioavailable geochemical fractions (Bui et al., 2019). Despite documented advances in water treatment systems and temperate soil remediation, a significant gap persists in the scientific literature regarding NB efficacy within the complex matrix of Oxisols and Ultisols in the Amazon basin (Meegoda et al., 2018). These soils, characterized by chemistry dominated by low-activity clays and high concentrations of native iron, present a unique geochemical scenario (Ushikubo et al., 2010). In this environment, redox dynamics and hydroxyl radical (·OH) generation could exhibit substantially different kinetic behaviors compared to those reported in calcareous soils (Foudas et al., 2023). To date, research has predominantly focused on continuous flow applications or hydroponic systems (Du et al., 2025). The potential of pulsating applications of NB-saturated water as a precision field remediation strategy has yet to be systematically synthesized for tropical agroecosystems (Dajiang et al., 2023).
It is important to recognize that nanobubble technology is part of a broader ecosystem of engineering solutions designed for heavy metal stabilization. For instance, equipment has been developed to rapidly produce energy-efficient nanomaterials for use in environmental emergencies, optimizing response in critical remediation scenarios (Chen et al., 2025). Likewise, the implementation of continuous flow strategies using fixed-bed columns packed with chitosan-nanomagnetite particles has proven effective in removing metals such as Cr(VI) (Evert et al., 2023). This review distinguishes itself by integrating interface physics with tropical rhizosphere dynamics, providing a mapping of biochemical translocation pathways that constitutes a novel contribution to ensuring food safety under EU Regulation 488/2014. Given the growing need for sustainable, high-precision remediation strategies, this systematic review aims to analyze the physicochemical mechanisms by which nanobubbles stabilize Cd in tropical soils within the Peruvian cacao sector.

2. Methodology
The study was conducted as a systematic review, strictly adhering to the PRISMA 2020 guidelines to ensure transparency and reproducibility. A comprehensive search was performed across the Scopus and Web of Science databases, spanning the period from 2016 to 2024 to maintain consistency with the temporal distribution of the analyzed evidence. The search strategy utilized optimized Boolean strings: 'nanobubbles' AND ('cadmium' OR 'soil remediation' OR 'heavy metals' OR 'redox potential' OR 'immobilization'), initially identifying 137 records. To ensure technical rigor, specific inclusion and exclusion criteria were applied during the screening phase. Inclusion criteria comprised: (i) original peer-reviewed articles with a recognized impact factor (SJR > 0.5) focusing on nanobubble (NB) dynamics in porous matrices (soils or sediments); (ii) studies providing quantitative data on redox potential (Eh) and cadmium (Cd) stabilization efficiency; and (iii) investigations involving soil-plant system interactions. Conversely, exclusion criteria were: (i) grey literature and conference abstracts without available full text; (ii) studies focused exclusively on wastewater treatment without soil matrix application; and (iii) articles lacking statistical validation. This process resulted in a final selection of 63 scientific articles. Data extraction and bibliometric analysis were performed by systematizing these studies into a technical matrix. Scientific mapping, co-occurrence networks, and cluster identification were generated using VOSviewer software (v.1.6.20) to identify emerging trends and research frontiers in the field of Cd immobilization via NB (see Figure 1)
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Figure 1: PRISMA 2020 flow diagram of the study selection process.

3. Results and discussion
The systematic analysis reveals a significant technical evolution in the use of NBs for heavy metal management. The intellectual structure of the field is organized into four thematic axes clearly defined by co-occurrence analysis.
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Figure 2: Keyword co-occurrence and thematic clusters in cadmium remediation via nanobubbles

As illustrated in Figure 2, the Green Cluster positions the 'oxidation' node as the primary link between NB technology and cadmium (Cd) stabilization, which validates the chemical remediation mechanism over simple physical aeration. This network of connections has been transformed over the last decade; as observed in figure 3, the scientific focus has shifted from fluvial sediment treatment toward precision solutions in phytoremediation and the management of oxidative stress in plants.
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Figure 3: Chronological evolution and research trends between 2016 and 2024

According to the temporal scale of Figure 3 (2016-2024), the terms in yellow hues highlight the current relevance of 'air nanobubbles' and their impact on crop tolerance. Quantitatively, the synthesis of the 63 documents yields a mean Cd immobilization efficiency of 50.7 %, notably the work of Huang et al. (2023) although recent studies such as Montazeri et al. (2023) suggest that optimizing gas type and pressure can raise this efficiency above 70% by shifting the metal toward residual mineral fractions (Zhang et al., 2023). Cadmium (Cd) immobilization efficiency via nanobubbles (NB) shows significant variability depending on experimental conditions and system configuration, with reported ranges fluctuating from minimum values of approximately 25-30 % in low-porosity soils (Dajiang et al., 2023). Among the most critical influential factors are the NB zeta potential (usually maintained between -20 and -40 mV), which facilitates the electrostatic adsorption of Cd2+ cations, and the bubble diameter (less than 200 nm), allowing for stability within the soil microporosity (Priya et al., 2025). Moreover, the longevity of oxygen NBs, documented for periods exceeding 21 days under saturation conditions, enables sustained chemical stabilization that shifts Cd toward non-bioavailable residual fractions, outperforming the action kinetics of conventional physical aeration methods (Qian et al., 2019).

The foundation of this technology's success lies in the physics of the gas-liquid interface. The longevity of NBs, which according to Chen et al. (2025) exceeds 21 days, enables a sustained increase in redox potential (Eh). In the soils of the San Martín region, this elevation in Eh triggers the precipitation of iron and manganese oxyhydroxides, which serve as definitive sorption sites for Cd (Kristanti et al., 2021).
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Figure 4: Term density map highlighting the advanced oxidation core as a technological hotspot.
Upon interpreting the term density map in this section, a strong scientific consolidation is identified within the clusters led by authors such as Dajiang et al. (2023) and Yan et al. (2023) who dominate the discourse on immobilization efficiency and electrostatic interaction mechanisms. However, the periphery of the map reveals low density in fundamental nodes such as 'economic viability,' 'scalability,' and 'energy requirements,' evidencing current limitations for the transition of this technology from laboratory settings to commercial field applications. This bibliometric gap aligns with the challenges highlighted by Aluthgun and Meegoda (2019) regarding the high energy demand required for nanobubble generation through cavitation systems a critical factor for rural infrastructure in the tropics. Likewise, although the map emphasizes NB longevity, long-term soil redox stability under high Amazonian leaching conditions remains an area with low data saturation (Wan et al., 2024). Consequently, the density map not only validates the mechanisms of technical success but also serves as a visual diagnostic of the economic and operational barriers that must be overcome for NBs to become a sustainable solution for cocoa exporters in compliance with EU Regulation 488/2014.

Findings indicate that, although NB technology promotes enhanced vigor and root development, these gas cavities simultaneously act to limit the effective uptake of cadmium (Cd2+) by the crop. Scientific evidence suggests that oxygen saturation in the rhizosphere alters the gene expression of heavy metal transporters in the roots, reducing metal entry into the plant's vascular system (Tang et al., 2021). This 'precision remediation' mechanism ensures that even in agroecosystems with naturally occurring cadmium, such as those in San Martín, translocation to the cacao bean is significantly decreased. The application of NBs is thus established as a viable strategy to ensure that the final product complies with international food safety requirements and current export limits (Arablousabet et al., 2024)

4. Conclusions
This systematic review confirms that nanobubble (NB) technology constitutes a high-precision strategy for cadmium (Cd) immobilization in tropical agroecosystems. The stabilization mechanism is primarily driven by a dual physicochemical interaction: the significant elevation of the soil redox potential (Eh) through sustained oxygen mass transfer and the electrostatic sequestration of Cd2+ cations via the negative zeta potential of NBs. With a basal immobilization efficiency of 50.7 %, which can be optimized to over 70 % by modulating gas precursors and internal pressure, NBs effectively shift Cd toward stable residual fractions. Furthermore, rhizosphere oxygen saturation triggers a physiological blockade by altering the expression of root metal transporters, thereby mitigating translocation to the cocoa bean. These findings position NBs as a vital biotechnological tool to ensure compliance with EU Regulation 488/2014 and secure the economic sustainability of the Peruvian cacao sector. Future research should prioritize long-term field validation of NB longevity in complex soil matrices and the potential synergistic effects of combining NBs with microbial inoculants.
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