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Abstract: The green energy transition has triggered an unprecedented global demand for critical minerals, including
copper (Cu), lithium (Li), rare earth elements (REESs), and cobalt (Co). However, a massive portion of remaining reserves
are located in hyper-arid desert regions where conventional wet froth flotation is severely constrained by extreme water
scarcity and environmental regulations against tailing dams. This paper reviews the state-of-the-art in Triboelectric
Fluidized-Bed Separation, a completely dry beneficiation paradigm tailored for ultra-fine particle sizes (< 45 um). We
analyze the micro-mechanics of gas-solid fluidization for differential surface charge accumulation (contact
electrification) and trace how mineral-specific work functions dictate particle trajectories through high-intensity electric
fields. Finally, we evaluate the distinct environmental challenges of desert climates—specifically ambient humidity
fluctuations and thermal stresses—on separation efficiency and fine-particle agglomeration.

1. INTRODUCTION: THE WATER-NEXUS OF CRITICAL MINERALS

Traditional mineral processing relies heavily on water. Froth flotation handles fine mineral separation by utilizing
chemical collectors to render specific mineral surfaces hydrophobic, allowing them to attach to air bubbles in a water
tank. For ultra-fine grains (< 45 um), flotation consumes massive amounts of freshwater—often exceeding / to 3 m® of
water per metric ton of raw ore processed. In arid territories like the Atacama Desert in Chile, the Great Sandy Desert in
Australia, or the Mojave in North America, importing or desalinating water creates immense economic and environmental
overheads.

This has renewed academic focus on dry beneficiation techniques (Bittner et al., 2014; Newman et al., 2024). While
historic dry methods like gravity tables or standard magnetic separation fail completely when particle sizes drop below
75 pm (due to fluid drag and mass limitations), Tribo-electrostatic Separation (TES) targets the surface chemistry
rather than mass or conductivity (Newman et al., 2024; STET, 2015).

Integrating this with a fluidized bed allows hundreds of thousands of fine particles to gently lift, collide, and charge one
another simultaneously in a gas stream. This provides a high-throughput, waterless pathway for separating critical
minerals directly at the mine site.

2. FUNDAMENTAL PHYSICS OF TRIBOELECTRIC FLUIDIZED-BED SYSTEMS

The process operates via a two-stage sequential mechanism: differential charging inside a gas-solid fluidized bed,
followed by spatial deflection within an external electrostatic separation field.
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2.1. The Contact Electrification Mechanism

When two different minerals collide inside a fluidized bed, electrons (or ions) migrate from the surface with the lower
work function (®) to the one with the higher work function (Diva-Portal, 2016; TU Clausthal, 2022).

AQ X (q)mincralA - (DmincralB)

For example, when evaluating a complex lithium-bearing silicate ore body containing spodumene (LiAl(Si0;),) and
quartz (Si0,), spodumene has a distinct surface electron donicity relative to its gangue. By lining the fluidizing chamber
walls with a specific polymer modifier (such as Polyvinyl Chloride [PVC] or Polytetrafluoroethylene [PTFE]), the system
forces spodumene to charge strongly positive while quartz charges intensely negative upon impact (ResearchGate, 2025).

2.2. Fluidization Hydrodynamics and Particle-Wall Collisions

To prevent fine particles from sticking together into immobile lumps, the charging chamber utilizes gas fluidization.
Passing a controlled velocity of dry air upward through a porous distributor plate suspends the fine powder into a liquid-
like state. Implementing a pulsating or agitated gas flow regime maximizes the collision frequency between the mineral
grains and internal baffles, guaranteeing a uniform charge-to-mass ratio (q/m) across the entire particle distribution
(ResearchGate, 2025; Diva-Portal, 2016).

3. THE DESERT CLIMATE CONSTRAINT MATRIX

Deploying an advanced electrostatic system in an open desert environment introduces complex environmental
interactions that are absent in controlled laboratory settings.

3.1. The Critical Relative Humidity (RH) Threshold

Triboelectric charging relies on clean, unshielded solid-to-solid contact. In desert environments, while daytime humidity
can plummet to less than 5% RH, night-time cooling can cause RH to spike past 40-50% RH.

e The Mechanism of Failure: As humidity rises, microscopic water layers condense onto the dry mineral
surfaces. Water increases surface electrical conductivity, causing the accumulated electrostatic charges to rapidly
bleed off or dissipate before the particles even enter the separation zone (ResearchGate, 2025; TU Clausthal,
2022).

e The Solution: Modern systems must utilize waste heat from local grinding circuits to pre-heat the fluidizing air
loop, keeping the internal environment strictly under 15% RH.

3.2. Van der Waals Forces vs. Electrostatic Forces

For ultra-fine particles (< 20 pm), inter-particle cohesive forces (Van der Waals forces) scale inversely with particle
diameter, easily overpowering standard gravitational pull. In hyper-arid climates, if the powder is completely dried out,
it risks forming tight aggregates where valuable minerals are physically trapped inside waste gangue clusters. The
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fluidizing system must impart a high enough shear rate via specialized mechanical or ultrasonic vibration to break these
dry aggregates apart prior to electrical separation (Newman, 2024; TU Clausthal, 2022).

4. OPERATIONAL PARAMETER MATRIX FOR DRY TECHNICAL SEPARATION

Critical Process | Operational Impact Optimal Target Range Risk of Deviation

Variable

Fluidization Dictates particle lift and | 7.5 X to 2.5 X Minimum Too low causes bed stagnation; too

Velocity (Uy,,) collision energy. Fluidization high causes gas channeling and short

residence times.

Electric Field Controls spatial 4 kV/ecmto 10 kV/cm Exceeding limits triggers electrical

Intensity deflection of charged arcing/breakdown across the air gap.
particles.

Feed Moisture | Determines charge Less than 0.5% by weight Higher moisture neutralizes surface

Content retention on particle charges, destroying separation
surfaces. sharpness.

Charger Wall Selectively controls Selected based on the target Incorrect matching leads to

Material charge polarity of target | mineral's work function overlapping charges and mixed
minerals. products.

5. ENGINEERING BOTTLENECKS AND FUTURE FRONTIERS
5.1. Electrode Scaling and Cohesive Dust Blinding

The most severe mechanical constraint in ultra-fine dry separation is electrode blinding. As fine dust passes through the
electric field, highly charged sub-micron particles migrate to the electrode plates and stick there permanently due to
electrostatic attraction. Over hours of operation, this builds an insulating dust layer that dampens the electric field.
Incorporating high-speed, continuous-loop cleaning belts or automated acoustic blast systems is necessary to keep the
plates clear without halting production (STET, 2015).

5.2. Chemical Surface Modification (Conditioning)

Because natural ores feature complex surface alterations, weathering, and varying mineral crystal structures, their work
functions can fluctuate across a single deposit. Emerging research focuses on injecting trace gas phase conditioners (such
as vaporized organic acids or alcohols) into the fluidizing air line. These chemical vapors selectively adsorb onto specific
mineral faces, artificially widening the work function gap between the valuable mineral and waste rock to maximize
separation efficiency (ResearchGate, 2025; Diva-Portal, 2016).

6. CONCLUSION

Triboelectric fluidized-bed separation provides a highly viable, eco-efficient path forward for critical mineral extraction
in water-stressed desert landscapes. By entirely replacing water and liquid chemical collectors with gas-solid contact
electrification, the process addresses both environmental constraints and processing challenges for fine particle sizes. To
transition this technology from pilot setups to large-scale mining operations, engineers must focus on developing
ruggedized edge-control loops that actively monitor and adapt to ambient desert temperature and humidity swings in real
time, ensuring a stable, high-throughput separation process.
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