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1. Introduction

Rare earth elements (REEs) occur naturally across the globe, often dispersed in low concentrations within mineral
deposits such as bastnésite, monazite, and xenotime. Despite their wide natural distribution, economically viable
reserves are unevenly developed, leading to regional imbalances in production. REEs are essential for modern
technologies, powering clean energy systems, electronics, and defence applications due to their unique
physicochemical properties. China currently dominates more than 80% of global REE mining and processing,
creating major vulnerabilities in global supply chains and pricing stability. In 2023, China exported REEs worth
over USD 800 million, while global demand exceeded 200,000 tons of REO equivalents, reflecting their growing
economic significance. Conventional extraction routes, including hydrometallurgy and pyrometallurgy, remain
energy-intensive, generate large volumes of hazardous waste, and are ineffective for dilute sources. These
challenges highlight the need to develop sustainable recovery methods that target secondary sources such as coal
fly ash, mine tailings, red mud, and electronic waste. Utilising these resources can reduce environmental impact,
recover critical materials from waste streams, and diversify global REE supply chains. Coal fly ash (CFA), a major
by-product of coal combustion, offers a unique dual opportunity as it can serve as a secondary source of valuable
REESs, with concentrations comparable to low-grade ores, and is rich in silica and alumina, making it a sustainable
precursor for the synthesis of the proposed functional adsorbent materials. Valorisation of CFA not only reduces
landfill burdens and environmental hazards posed by CFA but also facilitates the design of low-cost, high-
performance recovery platforms within a circular economy framework.

This study proposes the synthesis of a multifunctional Fe;04@SiO>@MOF @cellulose nanocomposite material
from waste-derived precursors: silica and alumina extracted from CFA. In this synthesis mechanism, the FesOa
enables magnetic recovery, while SiO: derived from CFA enhances structural stability and facilitates surface
modification. Additionally, the incorporation of MOF provides tunable porosity and selective binding sites for
REEs, while cellulose offers a renewable, biodegradable backbone, thus highlighting the synthesis of biosorbent
nanocomposite material. The synergistic integration of coal fly ash, biomass-derived carbon, and magnetic
nanoparticles aims to overcome the limitations of conventional adsorbents, such as activated carbon, zeolites,
clays, and ion-exchange resins. The integrated system offers improved adsorption capacity, selectivity, and
reusability. By simultaneously addressing coal fly ash disposal and the scarcity of rare earth elements, this research
supports a sustainable, circular-economy approach to REE recovery from mine waste.

2. Materials and Methods

Silica (Si0z) and alumina will be extracted from CFA via selective H2SOa leaching (for Al) and NaOH leaching
(for Na:SiOs). Cellulose nanocrystals (CNC) will be isolated from biomass waste (e.g., agricultural residues)
through acid hydrolysis. FesO4 nanoparticles will be synthesised via hydrothermal co-precipitation, coated with
Si0O: via the sol-gel method using CFA-derived silica, followed by MOF growth (Zr-based UiO-66 for acid
stability) on the surface, and final integration with CNC for enhanced biocompatibility and porosity. The hybrid
Fe;0:@S10:@MOF@CNC will be characterised by XRD, SEM-EDS, FTIR, BET surface analysis, VSM, and
zeta potential. Adsorption performance will be evaluated in batch experiments with a synthetic model (pH 3-6,
REEs: Nd, Dy, 10-100 mg/L) and real mine waste, assessing capacity (q.), kinetics, isotherms, selectivity (vs. Fe,
Al interferents), and regeneration.

3. Results and Discussion

The nanocomposite is expected to exhibit high crystallinity (XRD), core-shell morphology (SEM), porous
structure (BET: ~450 m?/g), superparamagnetism, and pH-responsive charge. Maximum adsorption capacities at
pH 5 are anticipated, surpassing single-component adsorbents due to synergistic effects: magnetic separability s),
MOF porosity for diffusion, SiO: stability in AMD acidity, and CNC hydroxyls for chelation. Langmuir isotherm
and pseudo-second-order kinetics are expected to confirm monolayer chemisorption (R*>>0.99). Selectivity factors
(SF_Nd/Fe >150) will highlight HSAB-matched binding (hard REE** to oxygen/nitrogen donors). Reusability is
projected to retain >92% capacity over 5 cycles, with minimal leaching (<1%).



4. Conclusions
This work will demonstrate a novel waste-to-resource strategy yielding FesO4@SiO:@MOF@CNC for efficient
REE recovery, embodying conference themes of waste valorization (biofuels/materials analogs via REE products),
circular economy in critical raw materials, and biotechnology for sludge/mine waste. Scalable synthesis from
abundant South African CFA/biomass will support zero-waste, reduce carbon footprints, and diversify REE
supply, with potential for industrial symbiosis networks.
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