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Abstract

New methods for selective recovery of around USD 3.4 trillion worth of critical resources left in mining-influenced
water are needed to enable improved waste valorisation and better environmental outcomes. Biological
solutions for metal and mineral extraction have evolved over millions of years as they are essential resources for
living organisms. These are many of the same critical resources that are required for manufacturing the
technologies of the future. Membrane separation mechanisms used by living organisms to manage metal and
mineral nutrient uptake and distribution are therefore being leveraged to develop next-generation mining
biotechnologies that enable the recovery of critical materials from wastes. Research into mechanisms that
diverse plant species use for selective resource separation has led to the development of the bioderived element
resource separation technology (BERST) system. BERST is a modular biomimetic membrane system designed to
extract permeates of high-purity metals, minerals and clean water from complex mining-influenced feed
solutions. The BERST membrane system incorporates collections of bioengineered, highly selective, pore-forming
structures inspired by nature and optimised for stability and performance that enable targeted and selective
separation of valuable metals and minerals from wastes. Demonstration of selective metal recovery using BERST
is at the laboratory-scale prototype testing stage. Deployment of systems like BERST that enable
mining-influenced waters to be separated into high-purity metal, mineral and clean water resources align with
the concept of ‘economic rehabilitation’, where the residual value in mining-influenced water is harnessed to
improve the social and environmental outcomes of mine closure and operations. BERST is expected to contribute
to enabling sustainable management of mining-influenced waters, reducing environmental impacts and
supporting circular practices in the mining industry.
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1 Introduction

Building a sustainable future depends on careful management of the critical resources required for the green and
clean energy transition. Mining operations deliver these critical resources but also generate substantial volumes
of waste and have a significant environmental footprint. With operations often spanning decades, mining
companies are entrusted with the stewardship of the land they mine, including mitigation of environmental
impacts and facilitating its transition to productive uses after mine closure. However, previous studies have
reported tens of thousands of inactive and unrehabilitated mine sites in Australia, with only 15 examples of
repurposed mined land (Werner et al. 2020). With approximately 240 Australian mines projected to close by 2040,
and associated closure and remediation costs estimated at AUD 4-8 billion annually (CSIRO 2023), there is an
immediate need for innovative and effective waste management and rehabilitation strategies.

* Corresponding author. Email address: caitlin.byrt@anu.edu.au

Mine Closure 2025, Luled, Sweden 1


https://doi.org/10.36487/ACG_repo/2515_104

Bioderived element resource separation technology for waste processing SA McGaughey et al.

The management of mining-influenced waste is one of the most complex and intensive aspects of mine
closure. Poorly managed waste can create environmental and safety risks and ongoing liabilities long after
mining operations have ended. For example, acid mine drainage (AMD) impacts hundreds of thousands of
kilometres of freshwater waterways, making reservoirs of freshwater unusable and prompting the United
Nations to rank AMD as second highest on its list of global environmental concerns, after climate change
(Daraz et al. 2023). Best practices in mine closure now recognise that basic compliance, including the
management of mine waste like AMD, is not sufficient to achieve optimal environmental and social
outcomes. Therefore, there is a growing emphasis on proactive strategies that go beyond regulatory
requirements to create long-term value and positive legacies.

The concept of ‘economic rehabilitation’, whereby the residual value in mining waste is leveraged to improve
the social and environmental outcomes of mine closure and operations, has gained interest. Mining typically
recovers only 70-80% of valuable materials from deposits, leaving 20—-30% in tailings and waste (Mining
Weekly 2024). The value of the critical resources currently trapped in mining waste worldwide is estimated
at USD 3.4 trillion (Minerals Research Institute of Western Australia 2024). Realising the untapped potential
of mining-influenced waters transforms them from a liability into an asset, creating new revenue streams,
reducing closure costs and unlocking additional resources. Advancements in processing technologies are
making it increasingly feasible to extract valuable materials from mining-influenced waters. Interdisciplinary
research and development spanning chemical, biological, environmental and material sciences fields are
relevant to addressing the technical challenges of extracting value from mine waste while creating economic
opportunities. In biological research, novel approaches have leveraged microorganisms, plants and ecological
processes to extract value from mining waste while mitigating pollution.

Living organisms have evolved sophisticated mechanisms for metal and mineral extraction over billions of
years, driven by the essential role these elements play in sustaining life (Merchant 2010). Metals such as iron,
zinc and copper serve as cofactors in critical metabolic processes — from oxygen transport in haemoglobin to
enzymatic reactions in cellular energy production. The fundamental biological need for metals for specific
functions has led to the evolution of highly specialised structures within living cells that are able to distinguish
between metal elements. The 3.8-billion-year research and development program encoded in biological
systems through the evolution of life on Earth offers sustainable solutions for modern challenges in metal
recovery, recycling and environmental management (Hunter 2008). The novel Bioderived Element Resource
Separation Technology (BERST) biomimetic membrane we are developing aims to deliver sustainable
solutions towards harvesting untapped critical resources for re-use from waste water sources such as mine
tailing ponds and AMD. Here we review the current state-of-the-art in biomimetic membranes, the
advantages BERST can provide over currently used technologies and processes for metal extraction and
recovery from wastes, and the potential impact that large-scale adoption of this technology could have on
the dynamics of mine closure into the future.

2 Drawing inspiration from selective membrane separation in nature

2.1 Membrane separation is critical to life on Earth

Biological membranes underpin all life on Earth because they enable the separation of different chemistry
on the inside of cells relative to the outside (Deamer 2016). This chemical separation supports the
maintenance of an electrical potential difference across the membrane and allows cells to concentrate and
manage the key resources needed to undertake the chemical reactions required for life (Lane & Martin 2012).
Precise control of what molecules are able to pass across cell membranes is therefore critically important.
The movement of many molecules across membranes is facilitated by genetically encoded membrane
integral protein structures called membrane transport proteins. Membrane transport protein structures span
across biological membranes, forming highly selective pathways through which molecules can pass.

There are many thousands of known membrane transport proteins across the kingdoms of life (Ren et al.
2007), each with distinct structural and functional characteristics that enable them to perform their essential
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roles in maintaining cellular homeostasis. For example, previous studies have described 71,659 transport
proteins and 4,790 outer membrane channels assigned to 183 types of protein families across 248 organisms
(Ren et al. 2007). The selectivity of membrane proteins is conferred by their 3D structure, dynamic
movements and the biochemical features of the amino acids that comprise them, meaning that many are
able to differentiate between molecules based on the charge number, polarity, size and molecular mass of
the molecules (Drew & Boudker 2016). Because minerals and metals are essential micronutrients for life,
membrane transport proteins that enable the selective passage of minerals and metals across the membrane
have evolved. The selectivity of these membrane protein structures represents untapped potential for
selective metal extraction and processing.

2.2 Tapping into the potential of separation mechanisms evolved in plants

Plants are exceptional targets for inspiring the development of biotechnologies or bio-based solutions to
industry challenges. The scale of membrane separation functions performed by plants exceeds the scale
achieved by any other form of life on Earth. Plants contribute critical separation functions in natural
ecosystems, including filtering around half the global rainfall, generating ~85% of oxygen, capturing ~33% of
atmospheric carbon dioxide, absorbing solar radiation and delivering food, feed, fibre and fuel (Arsic et al.
2024). The critical ecosystem services undertaken by plants involve processes that are underpinned by the
highly selective transport of solutes across membranes (De Rosa et al. 2023).

The magnitude of membrane separation functions occurring in nature can be considered in terms of the
biomass resources generated by these processes, and the diversity in the genetically encoded selective
transport mechanisms that enable precision separation across membranes. Plants contribute the greatest
biomass on Earth relative to organisms from other kingdoms, accounting for approximately 82% of Earth’s
total living biomass (Bar-On et al. 2018; Figure 1). The magnitude of the various resources separated by plants
on Earth demonstrates their capability to deliver efficient and productive membrane separation at scale
because all of the raw resources that comprise plant biomass, such as carbon dioxide, water, nutrients,
metals and minerals, have been sourced from their surrounding environments, separated and utilised via
specialised membrane-enabled processes (Arsic et al. 2024).
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Figure 1 The relative distribution of gigatons of carbon and median genome size across kingdoms of life,
where the massive biomass of land plants gives them mass dominance (data from Bar-On et al.
2018). Biomass (gigatons carbon): plants, 450; bacteria, 70; fungi, 12; archaea, 7; protists, 4;
animals, 2. Plants have the largest median genome sizes among life forms (data from He et al.
2024; Hotaling et al. 2021). Median genomes (megabases): plants, 5,958; animals, 1,020; fungi,
35; prokaryotes, 3.2, protists, 59.5
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The mass and diversity of plants enables ecosystems to support diversity in other forms of life because
different types of plants deliver different types of biochemical resources. Plants’ extraction of nutrients and
metals from soils, and partitioning of those nutrients and metals within their biomass, directly influences the
nutrition of animals, including humans, that consume plant products. For example, manipulation of plant
mechanisms that influence iron and zinc accumulation in wheat grain enabled a threefold increase in iron
and zinc in flour from the modified wheat plants; an achievement that was delivered to address human
dietary deficiencies (Harrington et al. 2022). This demonstrates that engineering plant metal transport
processes to create biotechnological innovations is relevant as a pathway to optimising resource
management for outcomes that benefit communities.

Plant adaptation to challenging environments draws on genetic diversity to evolve solutions for coping with
various stressors (Figure 2) influencing plant genome size and diversity, relative to each of the other kingdoms
of life (Pellicer et al. 2018). Plant genomic size and diversity has primarily occurred through whole-genome
duplications and DNA expansions (Hotaling et al. 2021; He et al. 2024; Figure 1) leading to unique genomic
complexities and contexts. There was selective pressure driving plants to increase and diversify their
genomes because greater genome size and diversity provide greater raw genetic material for adaptive
evolution, such as novel traits for stress tolerance or reproductive strategies (Pellicer et al. 2018).

The high propensity for plant genome duplication and expansion events has facilitated their adaptability to
diverse environments, repurposing and tailoring gene function to thrive in distinct ecosystems and diverse
soil compositions. The genomic diversity of plants includes variations in genome ploidy and protein-coding
gene-family duplications, with some plant species having up to an estimated 40,000 protein-encoding genes
(Sterck et al. 2007). Gene-family duplication is often associated with sub-functionalisation of gene-families
(Fang et al. 2022). Sub-functionalisation refers to an evolutionary process where duplicated genes encoding
the same protein accumulate mutations over time. This allows the original protein to evolve new, specialised
functions in specific plant lineages, shaped by their divergent ecological or developmental needs (Flagel &
Wendel 2009; Panchy et al. 2016). The unique genomic diversity of plants offers significant advantages over
other kingdoms of life in terms of their potential to encode useful mechanisms.

Plants have evolved to thrive in
diverse soil compositions

Plant Cell

4

w Artificial membrane

Precise Molecular Membrane

. . iomimetic Metal-Selective
Separation Mechanisms

Membrane Separation

,------l----.
] .

SN N EE NS S S EEEEEEEE NNy

Figure 2 Harnessing the function of diverse membrane separation mechanisms evolved in plants to
develop novel biomimetic metal-selective technologies. Membrane-embedded selective pore
structures naturally occurring in plants enable separation of distinct chemistries across cell
membranes (De Rosa et al. 2023). These selective separation mechanisms can be further
engineered with enhanced function and stability for biomimetic metal-selective membrane
technologies for industrial applications. Purple pore structure — selective membrane transport
protein found in nature; blue pore structure — engineered selective membrane transport protein;
Ni — nickel; REE - rare earth elements; Cu — copper

Global heterogeneity in soil geochemistry, including the distribution and abundance of metal elements,
means that plants have been exposed, and challenged, to adapt to survive in different soil solution
compositions (De Rosa et al. 2023). Metal-selective transport proteins constitute an important adaptive
mechanism because they enable the uptake and distribution of critical metal nutrients across plant tissues,
as well as the management or compartmentalisation of metals that may be toxic or present at toxic
concentrations. The selective pressure exerted on plants exposed to metal-rich soil geochemistry has also
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led to the evolution of plants known to hyperaccumulate metals in their living tissues to many hundreds or
even thousands of times greater than is normal for most other plant species (Kramer 2010; Reeves et al.
2017). For example, there are copper and rare earth element (REE) tolerant plant species that can accumulate
in the order 1,000 mg.Kg™ of these valuable elements (Yuan et al. 2018; Widmer & Norgrove 2023; Wang et
al. 2024a). The ability for some plant species to hyperaccumulate metals suggests they possess unique
membrane transport mechanisms that have improved selective functions compared to those in
non-hyperaccumulator plant species. These mechanisms might include transporters such as Medicago
truncatula copper transporter, MtCOPT1 (Senovilla et al. 2018), or natural resistance-associated macrophage
proteins for REE uptake (Zheng et al. 2023), or channels such as subsets of membrane intrinsic proteins
(McGaughey et al. 2025). The protein structures nature has evolved to separate critical resources are relevant
as inspiration for designing biotechnological solutions for critical resource separation.

3 Biomimetic membranes: current state and opportunities

3.1 Installing parts from nature into manufactured membranes

Artificial membrane manufacture typically involves synthetic chemical and biochemical approaches.
Advances in membrane fabrication and function are relevant to biomedical and healthcare technologies,
energy technologies, environmental remediation, chemical and industrial processes, and materials science
innovation. Artificial membranes can be made of components like lipids and block copolymers that
spontaneously organise into membrane structures. Block copolymers are polymers made of distinct
segments of monomers arranged in the main chain, where each segment consists of repeating monomer
units (Quirk et al. 1996).

The successful separation of molecules across a membrane depends on several critical factors, including the
molecular cutoff size of the membrane, its morphological structure and its chemical affinity for specific
compounds (Osman et al. 2024). Membrane manufacturing processes can incorporate a range of methods
and types of materials that influence membrane properties and functionality (Kerr-Phillips et al. 2022). Some
examples of fabrication processes include:

e Phase inversion: polymer solutions undergo phase separation in a coagulation bath, creating a
porous, solid membrane with an asymmetric structure where a polymer-rich phase forms the
scaffold and a polymer-lean phase creates the porous network; polymers can be spun into a
coagulation bath to form hollow fibres through phase inversion

e Electrospinning: a strong electric field is applied to charged polymer solutions to make flexible and
continuous microfibres or nanofibres. Fibre thickness, pore size and surface porosity can be
controlled by adjusting the electrospinning parameters

e Interfacial polymerisation: a porous support membrane is treated with reactive solutions that form
a thin polymer layer at the interface. Thin-film composites are created by adding thin layers on
porous supports, and for molecular layer deposition this involves depositing molecular-scale layers.

Synthetic separation membranes are limited by the seemingly universal compromise between permeability
and selectivity; that is, highly permeable membranes lack selectivity and vice versa (Park et al. 2017; Lim et
al. 2022). Conventional membrane fabrication techniques currently do not support the molecular-level
design that is required for achieving single solute selectivity. Biological membranes do not share these
limitations, achieving both high permeability and high selectivity in combination. This is because biological
membranes can incorporate and regulate collections of membrane proteins that vary in their permeability
and selectivity, enabling dynamic adjustment of these factors to support growth, development and
adaptation to environmental conditions (Tyerman et al. 2021; Byrt et al. 2023). The unique functionality of
biological membranes is inspiring design approaches for improving membrane performance, leading to the
development of biomimetic membranes (Hélix-Nielsen 2018).
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Biomimetic membranes can directly incorporate biological elements or otherwise use concepts, ideas or
inspiration from biological systems. In general, biomimetic membrane developments and approaches can be
categorised as: (i) hybrid membranes that incorporate biological membrane proteins reconstituted into
synthetic supporting membranes; or (ii) synthetic membranes that incorporate functional molecules that
mimic the function of natural membrane proteins or form artificial channels in the membrane structure (Shen
et al. 2014). These approaches create nanopores, biological or synthetic, in the membrane that have specific
size, shape, charge, hydrophobicity and affinity parameters which can facilitate or enhance the selective
transport of certain molecules (Lindahl & Sansom 2008). An example of a hybrid biomimetic technology is
the Oxford Nanopore MinlON, which contains engineered protein channel nanopores embedded in an
artificial electrically resistant membrane. The nanopores facilitate the sequencing of DNA, RNA and, more
recently, proteins by detecting changes in ionic current as molecules pass through the pore (Dorey
& Howorka 2024; Lu et al. 2025). For synthetic biomimetic membranes, carbon nanotube channels have been
developed to mimic biological water channel structures that have high permeability (1936 + 123 pm s™%) and
ion selectivity (complete rejection of salt ions) (Liu et al. 2021). These examples indicate that, although in its
infancy, biomimetic membranes are a promising area for research and development.

Research and development activities that involve integration of biological components into manufactured
membranes aim to take advantage of the specific separation function (such as transport selectivity and
efficiency) of the structures that have evolved over millions of years of selective pressure. While biomimetic
membrane technologies that incorporate biologically derived structures are commercially available and are
being used across a broad range of applications, possibly the most mature in the market are water-selective
biomimetic membranes used in water treatment applications.

3.2 Biomimetic membranes for water filtration

Biomimetic water-selective membranes have been developed where biological water channel proteins are
reconstituted into synthetic membrane materials, or where biological water-selective structures are
mimicked by synthetic structures termed artificial water channels (Lim et al. 2022). The research teams which
developed biomimetic membranes that incorporate biological protein structures chose water-selective
proteins from the aquaporin protein family to improve membrane water selectivity and permeability (Zhao
et al. 2012; Li et al. 2015). In cellular membranes, water-selective aquaporin proteins form a cylindrical
channel pore to facilitate water transport. In addition to enabling efficient water transport across
membranes, aquaporins in plants have evolved to facilitate efficient separation of other key plant solutes,
including metals and minerals (Tyerman et al. 2021). In living organisms, water-selective aquaporins are
critical for maintaining water homeostasis and the turgor pressure of cells; and in plants, they enable water
uptake from the soil environment and the regulation of water flux between tissues and cell compartments.
The structure of water-selective aquaporins enables water molecules to permeate as single-file chains, with
single-molecule selectivity and a permeance of 1.6 x 10° L m™h bar™ per aquaporin (Park et al. 2017).
Water-selective aquaporin structures exclude other solutes by having a narrow channel geometry that
enables steric hindrance to be exerted on the approach of non-water molecules to the constriction site and
electrostatic repulsion due to an aromatic/arginine constriction site (Oliva et al. 2010). To maintain protein
structure and function in an end-use separation membrane technology, aquaporins must be reconstituted in
an amphiphilic environment similar to a biological cell membrane (Habel et al. 2015). The aquaporin
biomimetic membranes currently available are fabricated from three primary components: aquaporin
proteins, an amphiphilic membrane and a porous supporting structure. In these membranes, aquaporin
proteins are embedded into a membrane-like structure formed by amphiphilic molecules, either lipids such
as in biological systems, polymers or a combination of both lipids and polymers, and this structure is
supported by a porous polymer substrate. The fabrication of aquaporin biomimetic membranes can be
achieved by incorporation of aquaporin proteins into a simple planar bilayer, or into spherical membrane
structures called vesicles.

Protein incorporation into manufactured membranes can be achieved during membrane bilayer assembly
where cycles of exposure of the membrane substrate to solutions containing proteins are repeated, or by
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generating various membrane layers using spray, spin coating or solution dipping approaches. Examples of
methods used for controlling the incorporation of proteins into manufactured membranes include vesicle
adsorption, chemical crosslinking, interfacial polymerisation, magnetic-aided adsorption and electrokinetic
interaction (Fuwad et al. 2024). The aquaporin-embedded membranes are then formed or deposited on a
solid supporting substrate.

State-of-the-art water-selective aquaporin-embedded biomimetic separation membranes are fabricated into
hollow fibre systems. Hollow fibre filters have an outer shell and compartments separated by selectively
permeable membranes and non-permeable barriers to enable partitioning of feed and permeate solutions.
In hollow fibre systems the selectively permeable aquaporin-embedded membrane layer coats the interior
surface, or lumen side, of the porous hollow fibre supporting structure where the inner diameter of the fibres
is 195 um and the wall thickness is ~25 um. Feed solution enters the lumen, or inner volume, of the hollow
fibre and water is selectively separated across the aquaporin-embedded membrane to the outer side of the
fibre to the draw solution. The architecture of hollow fibre systems enables a high membrane surface area
for a relatively small module size. These systems typically include tightly packed fibres where the inner
diameter of the fibre may be in the order of 0.2 mm, and the packing density of the fibres may be in the order
of 1,600 m? of membrane surface area within every cubic metre of module (Abid et al. 2023). Hollow fibre
modules containing water-selective aquaporins that are 70 mm in diameter and 300 mm long, and which
contain a 2.3 m? membrane active area (Sterlitech 2017), have been retailed. Modules that are 390 mm long
and 200 mm in diameter with an active surface area of 13.8 m? have also been developed (Sterlitech 2019).

The barriers between compartments in hollow fibre systems can enable two-phase flow or countercurrent
flow, an arrangement that allows for efficient exchange of a property, like solutes. Countercurrent flow is
where working fluids flow in opposite directions but where there can be transfer of a property between the
fluids. The term ‘countercurrent exchange’ refers to the process of maximising the exchange of a property
between two fluids by using countercurrent flow. In nature, an example of countercurrent flow can be found
in the nephron loop in kidneys, where it is used to concentrate urine by creating a solute concentration
gradient, and in fish gills, where it allows for efficient oxygen uptake from water and carbon dioxide release
(Sands & Layton 2014; Sackville et al. 2024).

Hollow fibre systems can be used for forward or reverse osmosis separation. Forward osmosis is where
natural osmotic pressure drives water flow across a semi-permeable membrane, whereas reverse osmosis
uses hydraulic pressure to force solutes through a membrane. For water filtration, energy efficiency gains
have been made by using natural osmotic pressure gradients formed due to differences in the concentration
and osmotic potential of system feed and draw solutions between membrane-bound compartments.
For these applications, a low-osmotic solution like waste water would be input as a feed solution and a
high-osmotic solution, like concentrated sodium chloride, would be used as a draw solution. The output
streams from hollow fibre filters can include a concentrated feed that retains > 95% of the original solutes
and a diluted draw which contains purified water and minimal salt.

Embedding of water-selective aquaporin proteins in hollow fibre membrane filters has enabled gains in
separation efficiency of clean water from complex mixtures relative to systems without aquaporins (Li et al.
2015). Early proof-of-concept studies for aquaporin biomimetic membranes, using the bacterial aquaporin
AgpZ, reported water permeability up to two orders of magnitude higher than the existing desalination
membranes at the time and a selectivity approaching 100% (Kumar et al. 2007).

Projects that involve scaling up of aquaporin water filtration membrane systems are underway. However,
there are significant challenges involved in scaling up aquaporin-embedded membrane manufacturing; for
example, achieving defect-free membrane fabrication, optimising aquaporin-embedded vesicle deposition
and immobilisation in the membrane, and optimising the characteristics of the thin-film formation. For
laboratory-scale membrane manufacturing, a 10 cm? (10~ m2) membrane sample can be sufficient for
generating initial performance characterisation data. However, industrial production of membranes for
large-scale applications can require 1,000 to 100,000 m? of membranes, all of which must be prepared with
minimal defect densities. For example, less than 1 cm? of defects for every 105 cm? of membrane surface
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area is required for gas separations (Park et al. 2017). An initiative underway that could contribute to
addressing these challenges was announced in 2023 by Singapore’s National Water Agency, which shared its
plans to use biomimetic aquaporin membrane modules in a water production facility designed to process
7.7 million litres (1.7 million imperial gallons) per day (Smart Water Magazine 2023).

3.3 Opportunities for use of selective membranes in waste valorisation and metals
processing

Membranes are used commonly in the mining, oil and gas industries for separating gas mixtures, treating
waste water and removing oil from water (Bolto et al. 2020). For example, reverse osmosis and nanofiltration
membrane technologies are currently used in the mining industry for waste water treatment and leachate
concentration (Panayotova & Panayotova 2021). Reverse osmosis is commonly used as a post-treatment
process for the removal of heavy metals and other toxic compounds from mining-influenced water before
water discharge to the environment. Therefore, the infrastructure and expertise needed for deploying new
membrane technologies in mining applications does not present a barrier to adoption within industries.
However, examples of use of selective membranes for metal and mineral extraction applications remains
limited, with the main example case being direct lithium extraction (DLE) from brine where selective
membranes can improve DLE efficiency and viability (Fan et al. 2024; Patel et al. 2025). Examples of cation
or anion exclusion membranes that can help separate molecules based on ionic charge have been reported,
and these are used in electrodialysis processes (Wang & Lin 2024). Also, researchers are working on
membrane advances where electrochemical potentials are applied to drive selectivity (Wang et al. 2024b).
Use of membranes for selective harvesting of other metals is not widespread beyond research and
development activities, and it is more common for development activities to focus on complete metal
removal from waste rather than using membranes to harvest metals.

Use of membranes in mineral and metal processing has potential to improve process efficiency and
sustainability outcomes by reducing the requirements for chemical reagents and minimising waste (Lair et
al. 2024). Current metal and mineral extraction processes, such as liquid-liquid extraction and ion exchange,
can be constrained by metal selectivity limitations, and are often resource- and energy-intensive, requiring
the use of large quantities of hazardous chemicals and generating toxic wastes (Almohasin et al. 2023).
Membranes can reduce pre-treatment and extraction steps by selectively partitioning feedstocks into
product and byproduct streams. This selective partitioning could be intensified by the modularisation of
selective membranes to enable staged extraction of target metals and minerals (Lair et al. 2024). Selective
membranes may also offer more flexibility in terms of being able to process feed solutions of varying
chemistries, rather than needing individual feed solution processing optimisation on a case-by-case basis to
overcome feedstock composition variability, which many ore-refining practices require. There are
commercially available nanofiltration and ion exchange membranes that can distinguish between
monovalent and multivalent ions (Tang & Bruening 2020; Kingsbury et al. 2020), and these have mostly been
used for the direct processing of brine and removal of problematic contaminants like boron (Zhang et al.
2018; Zhao et al. 2020). However, these types of membranes typically leverage electrostatic interactions
between the charge of the membrane surface and the ions in solution, either repelling or attracting ions of
the same or opposite charge, respectively, (Epsztein et al. 2020) and offer imperfect selectivity, particularly
between ions with the same charge.

The current capability of commercial state-of-the-art reverse osmosis and nanofiltration membranes to
selectively separate a single solute from a mixture of solutes is limited (Epsztein et al. 2020). Therefore, the
research and development for innovative membranes that allow fit-for-purpose separation functions are
needed. Advancements in membrane technology are moving towards membranes capable of molecular
recognition, such as BERST, which offer significant advantage in highly selective separation. Molecular
recognition is a key feature of biological membranes, and leveraging the functionality of these mechanisms
could provide new strategies for difficult-to-extract metals or difficult-to-process waste. For example, REE
extraction and processing, in particular, could benefit from bioinspired membrane technologies. Current REE
recovery processes by liquid-liquid extraction can include up to 1,500 stages (McNulty et al. 2022).
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This complexity is due to the high similarity in chemical properties across REEs and that REE recovery requires
significant inputs of solvents, acids and bases, generating large volumes of wastes. Membranes with
specificity for individual REEs could support or replace conventional liquid-liquid extraction technologies for
REE extraction.

Plants, and some microorganisms, can harness REE properties to enhance their metabolic processes and
physiological functions, and have evolved selective membrane transport proteins to facilitate the uptake and
transport of REEs (Rocha et al. 2024; McGaughey et al. 2025). These biological structures could be borrowed
or their features mimicked to develop selectively permeable membranes suitable for REE extraction and
processing. Similar selective transport proteins are described for other critical resources such as nutrients,
metals and minerals. Plants require selective transport proteins for all of the molecules that they encounter
in the environment, such as aluminium (A**), ammonium (NH*), boric acid (H,BOs"), cadmium (Cd?*), calcium
(Ca?*), caesium (Cs*), chloride (CI7), chromate (CrO4*7), cobalt (Co?*), copper (Cu?*), dihydrogen phosphate
(H2PO47), hexaaquacobalt(ll) (Co(H20)e?*), hydrogen (H*), hydrogen phosphate (HPO,4?"), hydroxide (OH"), iron
(ferrous cation Fe?*, ferric cation Fe?'), lead (Pb?*), lithium (Li*), magnesium (Mg*), molybdate (Mo04>),
nickel (Ni#*), nitrate (NO*), potassium (K*), rubidium (Rb*), sodium (Na*) sulphate (SO42), zinc (Zn**) and REEs
(De Rosa et al. 2023). Selective permeation membranes will enable targeted and efficient removal of
constituents from mining waste to enhance water recovery, reduce residual wastes, and recover resources
to generate new revenue streams and offset mine closure costs.

4 Bioderived element resource separation technology

The BERST system is a collection of biomimetic membranes with features inspired by the extraordinary diversity
of selective separation functions observed in plants. BERST systems leverage the functions of the nutrient,
metal or mineral selective transport proteins that evolved in plants to design structures that enable extraction
of permeates of high-purity nutrients, metals or minerals, and clean water from complex feed solutions.

4.1 Function of bioderived element resource separation technology

BERST biomimetic membranes incorporate engineered biological membrane proteins to achieve selective
separation. The engineered membrane proteins are derived from the nutrient, metal or mineral selective
transport proteins evolved in plants with optimised function for use in synthetic membrane structures.
The BERST system is designed as a platform technology that can be adapted for a diverse range of separation
applications. This is because the selectivity of the BERST biomimetic membranes depends on which
engineered nutrient, metal or mineral selective transport proteins are embedded. Each BERST membrane
module can be designed to allow for specific separation of a target nutrient or metal. BERST could then be
deployed as a bespoke modular solution for targeted retrieval of multiple high-purity constituents from
complex aqueous feedstocks. This means that BERST can be applied in a cascade of membrane processes
with common design and operation but different membrane selectivity, enabling sequential recovery of a
range of different metals. Use of common engineering and application principles could enable maximum
value to be extracted from the often-complex waste resources found in mining-influenced waters.

The structure of BERST systems was inspired by the structure of established hollow fibre biomimetic
membrane filters developed for water separation (see Section 3.2), except that the membrane proteins
embedded in BERST are selective for target nutrients or metals, rather than only for water molecules.
Industrial waste water is pumped into BERST, forcing the waste water to flow through the interior or luminal
space of the hollow fibres (Figure 3). The interior surface, or lumen side, of the hollow fibre is coated by a
selectively permeable membrane layer. This membrane layer contains vesicles embedded with engineered
membrane transport proteins (Figure 3). For the application of extracting target metals from mining wastes,
the embedded membrane transport proteins used will be selective for those target metals. The selective
membrane proteins enable target solutes to move across the thin-film composite membrane layer and
supporting polymer matrix to the permeate side, forming a continuous stream of target solute concentrate.
Non-target molecules are unable to pass through the protein-embedded selectively permeable membrane
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layer, remaining inside the hollow fibres and exiting the BERST module as the outflow. The result is the
selective partitioning of feed solution into a product, or permeate, stream where the target metal is
concentrated, and a byproduct stream where the target metal is depleted and non-target solution
constituents remain. The modularisation of multiple BERST biomimetic membranes, each with distinct metal
or mineral molecule selectivity, could enable multiple product permeate streams for further processing, with
minimum contamination from unwanted constituents.

BERST biomimetic membrane systems enable flexibility in terms of being able to process feed solutions of
varying chemistries using selections of modules, without requiring extensive process optimisation on each
case-by-case basis to overcome feedstock composition variability. However, in some cases it may improve
efficiency to selectively remove non-target contaminants from industrial waste water prior to selectively
separating and concentrating target metals. Additional pre-processing of feed solutions may also be
necessary to prolong membrane life span and performance; for example, the removal of fine particulates, or
pH adjustment. The reported functional performance parameters of similar protein-embedded membranes
for water permeation include a pH range of 2—11 and a temperature range of 10-65°C, beyond which water
flux was reversibly reduced (Perry et al. 2015). Depending on the fabrication method, similar biomimetic
membranes containing biological components can be stored at room temperature for at least a year without
a significant decrease in performance (Zhao et al. 2012; Fuwad et al. 2024). Formulas for calculating system
water permeability, solute flux and rejection have been reported (Wagh et al. 2019; Fuwad et al. 2024).
For example, solute rejection R (%) = ((1 — (Cp; solute concentration in permeate)/(C; solute concentration in
feed)) x 100%; and water flux (Jw) = AW (increase in weight of draw solution)/Sm (membrane area) and At
(change in time) are used to assess success in harvesting clean water from waste. However, determining
optimal parameters for BERST function and assessing success in harvesting resources from mining waste are
likely to require tailoring to the specific application of harvesting metals from wastes.
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Figure 3 Schematic of a bioderived element resource separation technology (BERST) membrane
module. Selective membrane transport proteins are incorporated into vesicles. Vesicles provide
a membrane structure to support the function of membrane transport proteins and can be
made from a range of different amphiphilic materials such as lipids (as in biological
membranes) and polymers. Transport protein-containing vesicles are then integrated into a
thin-film composite layer, forming a selective semi-permeable coating supported by a porous
typically polymeric matrix
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4.2 Early-stage techno-economic assessment considerations

The commercial potential of the BERST biomimetic membrane system for valorisation of mining-influenced
water will depend on the ability to produce essential system components at low cost and at the scale
required. As an early-stage technology, large uncertainties remain around various component costs and
operating parameters, which can make assessing economic viability challenging. However, techno-economic
analysis using the best available data to inform cost estimates of components and system configuration can
provide indicative cost ranges and help focus research on the areas that can most improve cost
competitiveness. Figure 4 shows the contribution of different components to the total cost of purchasing and
operating a BERST filter for one year, providing a minimum, middle-point and maximum for the cost estimate
range. The analysis used publicly available data for existing biomimetic commercial water filter designs, such
as the Aquaporin reverse osmosis unit with protein-embedded membranes (Aquaporin 2023) to inform
estimates of capital costs and operating parameters, including flow rates used to assess electricity costs.
Using middle-point estimates, the cost of producing the protein contributes 50% to the total cost, followed
by the electricity used to run the pump servicing the filter at 28%, then the membrane at 15%. However,
electricity use dominates the cost when assuming the minimum estimates for protein production and
membrane fabrication, highlighting that these systems have the potential to be produced at low cost.
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Figure 4 Percentage contribution of different components to the total cost of purchasing and operating
a BERST system for one year. Capital costs (filter shell, membrane and proteins) are shown as
solid colour bars while operation and maintenance costs (electricity to run the permeate pump,
maintenance and tax and insurance) are crosshatched. Data is shown for the minimum (min),
middle-point (mid) and maximum (max) of the cost estimate range. Maintenance costs assumed
that the system would be ‘flushed out’ to remove all fouling particulates for 4% of its operational
hours, at an estimated cost of 6% of the total capital cost. The percentage values for the
components were rounded to avoid decimal points and enable the sum of 100% for each of min,
mid and max
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Factors that could drive down the costs of manufacturing BERST could be technological advancements in
manufacturing membrane technologies, market competition and economies of scale. These are the types of
factors that reduced the cost of genome sequencing over time. In 2001 sequencing a genome cost around
USD 95 million. The cost dropped to around USD 1 million by 2007, and now it costs around USD 200 to
sequence a genome (National Human Genome Research Institute 2021). Protein production constitutes a
significant cost contribution to BERST manufacture (Figure 4). This cost is due to the inherent requirements
of precision membrane protein expression and purification. Membrane protein production is a cellular
phenomenon, meaning cellular energy and machinery are required for their synthesis (Kafri et al. 2016).
Some proteins may be well expressed in cell culture systems, for example the AqpZ aquaporin protein used
in biomimetic water filter membranes can be expressed in bacteria (E. coli) with yields up to 200 mg.L™? of
culture (Lian et al. 2009), whereas other membrane proteins may yield 1-10 mg.L™? culture. These protein
production parameters will be specific to the type of membrane protein because variation in membrane
protein properties influences their efficiency in membrane integration and the ability of the cell culture
system to tolerate their overproduction, since changes in membrane permeability can impact cell viability
(Scott & Hwa 2011; Tomala & Korona 2013).

Membrane protein purification from culture systems for embedding in synthetic membranes requires
disruption of the biological cell membrane and protein stabilisation using speciality non-ionic detergents,
which can be expensive (Perry et al. 2015). However, the reduction in the cost of recombinant protein
production could be expected to follow a similar trend to that of genome sequencing. Biotechnological
innovation has boosted demand for recombinant proteins for various technology applications, leading to
rapid market growth. Applications for recombinant proteins include biotherapeutics, enzymes, vaccines,
biofuels, polymers and foods (Demain & Vaishnav 2009; Tripathi & Shrivastava 2019). For enzymatic proteins,
the market is forecast to grow from USD 6.4 to 8.7 billion at a 6.3% growth rate between 2021-2026 (Barone
et al. 2023). The term ‘Moore’s Law’ has been used to describe related trends in the context of
semiconductors, where the principle is that the speed and capability of computers can be expected to double
every two years as a result of increases in the number of transistors a microchip can contain where the cost
of the doubling is minimal. The equivalent of Moore’s Law is likely to apply to the bioeconomy (Shirvani 2024;
Wesseler & Zhu 2024). Gains in the economic potential of precision fermentation and protein production
processes, which are being driven by new market demands and production innovations (CSIRO 2022), will
enable reliable and cost-effective production of the protein components essential for BERST manufacturing
at the scale required.

5 Conclusion

Developing and deploying novel separation technologies that can increase the precision of separation and
degree of selectivity associated with mining resource extraction is expected to support reducing waste
volumes and related closure liabilities (CSIRO 2023). Solute-selective membrane technologies like BERST offer
significant opportunities for improving the outcomes of mine closure through mining waste valorisation and
treatment. Harvesting critical resources from mining-influenced waters has the potential to change the
dynamics of mine closure and support economic rehabilitation. However, further biomimetic membrane
research and development is needed to ensure economical technology scale-up and stable performance
across varied applications and environments. Recent advancements in precision fermentation and
membrane engineering are bringing biomimetic membrane separation technologies closer to realisation and
deployment. Accelerating the development and implementation of technologies like BERST is expected to
contribute to supporting sustainable mining practices and the creation of circular economies in the future.
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