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Microfluidic and lab-on-a-chip devices offer exquisite temporal and spatial
control over chemical and physical processes that are important in mineral
exploration and mining. These include mineral-water interfacial reactions,
dissolution, and adsorption/desorption in pores, fractures, or other micro/
nanostructures. Microfluidic mineral studies offer advantages of small sample
and reagent volumes, high throughout, and short analytical cycles that may
enable in-field mining decisions. However, not many microfluidic studies have
targeted these mining sector challenges for mineral leaching. In this review,
special attention is given to microscale experimental platforms for predicting
extraction and leaching of industrially-relevant samples (real ore samples).
Advantages and challenges of these platforms are given. The review
concludes that there are significant opportunities for microfluidics in mineral
analysis, screening, process intensification, and process control in the resource
and minerals sector.
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1 Introduction

Microfluidic and lab-on-a-chip technologies offer a potential path to fast, precise, and
inexpensive industrial process control and analysis but are not yet widely employed in the
resource and minerals sector. Promising research has identified significant technical and
practical advantages, such as small sample and reagent volumes, high-resolution analysis,
high throughput, enhanced mass and heat transfer, and small footprint for analytical
devices (Gerami et al., 2019). The steady increase in research on this topic indicates a
growing acceptance of microfluidic and lab-on-a-chip technologies as a strategy for
studying resources and minerals. Microfluidic techniques have been increasingly applied
to enhanced oil recovery (Gogoi and Gogoi, 2019; Lifton, 2016), heavy oil/bitumen
production (Bazazi et al, 2019; Keshmiri et al, 2019), carbon transport and storage
(Abolhasani et al., 2014; Bao et al, 2017; Morais et al., 2020), reservoir fluid analysis
(Song et al., 2014), mine waste remediation (Yang et al., 2020), high-level radioactive waste
disposal (Oh et al,, 2017) and other geochemical processes (Ciceri and Allanore, 2015;
Gerami et al,, 2017; Park et al., 2021; Zhu et al., 2022). The use of microfluidics to study flow
and transport in porous media that is relevant to hydrocarbon recovery processes and
geological CO, sequestration has been reviewed extensively (Gerami et al., 2019; Lifton,
2016; Abolhasani et al., 2014; Bao et al., 2017; Morais et al., 2020; Song et al., 2014; Cao et al.,
2019; Lei et al.,, 2020; Yew et al., 2019; Yang et al., 2021). However, its application to studying
interfacial chemistry in mineral systems has received less attention.
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Microfluidics is primarily used to study the science of fluid flow
and transport phenomena in microstructures where pore-scale
features (e.g., surface roughness or wettability) influence the
macroscopic behavior (e.g., reactivity or transport properties) of
the system (Gerami et al., 2019; Bao et al., 2017). Whether naturally
occurring or resulting from subsurface engineering, open rock
fractures act as preferential flow pathways that typically control
fluid migration and solute transport. For this reason, fractures are
avoided when siting and designing geological isolation systems, such
as for nuclear waste and CO, storage, to prevent undesired fluid and
chemical migration (Abolhasani et al., 2014; Mariet et al., 2019).
While in other cases, such as mineral processing, mined ores are
inherently structured, porous, or fractured and create micro/nano-
scale environments that are chemically reactive and critical to the
effectiveness of leach strategies (Yang and Priest, 2018; Yang et al.,
2019). Fractures can also be artificially created for enhanced energy
recovery, through excess fluid pressure and change of thermal stress,
as in the case of geothermal energy extraction and unconventional
oil or gas production (Bao et al., 2017). Through integration with
current optical tools like optical/confocal microscopy, microfluidic
models offer direct analytical access to study or validate the process
of geological related pore-scale transport phenomena. They also
provide microscopic data for understanding the reactive and/or
transport mechanisms leading to mineral precipitation and
dissolution in fractures, that are often not achievable with
conventional analytical methods (Ciceri and Allanore, 2015).
Thus, the approach has been widely used to model or observe
fluid-rock interactions that are relevant to several applications as
listed above. This is equally crucial to the development of predictive
tools that can be applied in mineral processing such as engineered
system design and optimization, mineral recovery feasibility studies,
and environmental impact assessments.

The scale of traditional environmental samples (e.g., minerals or
rocks) requires conventional analytical techniques that are often
time- and cost-intensive in sample preparation and analyses,
resulting in intermittent and slower detections. In contrast,
microfluidics enables the rapid handling and analysis of samples
on so-called lab-on-a-chip (LOC) systems (Lim et al.,, 2010). LOC
systems are often favorable for analytical purposes. They require
small quantities of samples and reagents, produce minimal waste,
reduce sampling time and handling steps, and, in many cases, reduce
the cost and complexity of chemical analysis. The capacity to
integrate many processing steps on a small and often portable
platform may enable fast analytical answers close to a mineral
processing site, providing real-time intervention for step-change
operational efficiencies. However, at present, LOC systems are
underutilized in mineral processing, with many engineering
problems still being tackled using conventional centralized
observation, diagnostics, and analysis. In contrast, applications of
LOC systems are widespread in the biomedical and life sciences,
such as DNA and cell assays (Andersson and van den Berg, 2003; Yi
et al,, 2006; Wang and Li, 2011), and are increasingly applied to
environmental monitoring and food industry analysis (Yew et al.,
2019; Atalay et al,, 2011). New opportunities in automation and
rapid online analysis or screening procedures for a variety of
different engineering applications including mining industry are a
promising way forward. Nonetheless, next-generation process
optimization and control approaches will be limited by the speed
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and accuracy of process-specific chemical information. In this
respect, developing LOC systems for mineral processing is
increasingly urgent. Figure 1 shows typical mineral processing
stages and highlights hydrometallurgy stages that can benefit, or
are already benefiting, from microfluidic or LOC strategies: froth
flotation, leaching, solvent extraction, and electrowinning or
precipitation. Froth flotation separates mineral particles in an
aqueous slurry based on bubble-particle
attachment. Bubbles carry hydrophobic particles to the slurry

phase selective
surface to form a froth containing the valuable mineral particles.
This “concentrate” of mineral particles is then collected at a froth
overflow for downstream processing. Acid leaching (aqueous phase)
then digests the mineral concentrate to liberate the targeted metal
ions into aqueous solution (leachate). Acid leaching may take hours
to months, depending on the ore and specific leaching approach
chosen. The leachate contains a mixture of metal ions, which can be
isolated by liquid-liquid solvent extraction from the aqueous
leachate into an organic phase, aided by an extractant that
selectively binds to the metal ion. The metal-extractant species is
preferentially soluble in the organic phase, isolating the target metal
in that phase. Solvent extraction typically requires many stages of
extraction and back-extraction (stripping) to achieve a high purity
metal ion aqueous solution for the final step of electrochemical metal
plating or precipitation of a high purity metal salt.

Microfluidic platforms can deliver new insights by (1) obtaining
pore-scale phenomenon and mechanisms through visualization,
modeling, and comparison with macroscopic results for better
understanding of mineral reactivity in porous and fractured
porous media; (2) providing in situ real-time information (e.g.,
dynamics, reaction rates and concentrations) through LOC
technologies for process control and optimization of mineral
operations; (3) using only a small amount of sample and/or
reagent in rapid screening and parallel experiments; and (4)
facilitating process intensification through enhanced mass and
heat transfer rates. These four attributes are relevant to many
mineral processing scenarios (depicted in Figure 1). The majority
of studies to date have focused on microfluidics for solvent
extraction, due to the high surface-to-volume ratios, mass
transfer, and interfacial phenomena.

Microfluidic (microSX)  has
demonstrated for many metals, including base (e.g, Cu, Ni)
(Priest et al., 2011; Jiang et al., 2018; Zhang et al., 2014), precious
(e.g., Au, Ag, Pt) (Yin et al, 2013; Kriel et al., 2015), rare earths
(Kolar et al., 2016; Yin et al., 2018), and scarce (e.g., Ga, In) metals
(Li et al.,, 2015; Li et al.,, 2016). The successful demonstration of
small-volume metal extraction and increasing recognition of the
potential benefits to the mining industry has encouraged researchers

solvent  extraction been

to pursue higher-throughput microSX. These benefits are likely to
play a significant role in meeting environmental, societal, and
governance (ESG) responsibilities in global ambitions for a green
economy (Le et al., 2022). However, it is important to note here that
the scale of reactors should be tailored to the specific process
Vural Girsel et al. (2016)
demonstrated that milli-fluidic reactors can be suitable for high

requirements. For example,
volumetric throughputs. In this case, extraction of cobalt was
accelerated by running dispersed phase (segmented flow) through
coiled milli-scale tubing and online phase separator, cf. Figure 2A.
Pilot scale throughputs of 53 m’/y were reported to be possible.
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Opportunities for Microfluidics & Lab-on-a-Chip
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Common process steps in mineral processing and opportunities for microfluidics-based research in hydrometallurgy stages: froth flotation,
leaching, solvent extraction, and electrowinning or precipitation. See main text for discussion of these mineral processing steps

Returning to the microscale, high-throughputs require numbering-
up strategies. Numbering-up increases volumetric throughput by
coupling many parallel processing units, which retain the identical
processing dimensions and operational performance. Internal
numbering-up occurs through parallel operations within the
extractor, while external numbering-up replicates the entire
operation in parallel (including pumps and hardware) (Schenk
et al., 2003; Stee et al, 2022). Internal numbering-up is favored
for hardware efficiency. Numbering-up is distinct from scale-up,
where process vessels are scaled to be physically larger and risks
changes to reaction/extraction conditions (e.g., mass or heat
transfer) that may adversely affect the process outcomes.
MicroSX of high-value metals processed at low-volumes is now
feasible. For example, Figure 2B shows a three-stage counter-current
microSX of high value metals (Pt and rare earths) that was
successfully numbered-up 100-fold without losing extraction
efficiency (Yang et al., 2022).

Where full-scale microfluidic processing is not possible, new
insight can be obtained through microfluidic analytical strategies.
Mineral processing is governed by complex physicochemical
processes that occur at the mineral-water interface, including
transport and  separation, adsorption and  desorption,
precipitation and dissolution, and atom exchange or redox
reactions. These critically control the productivity and efficiency
of plant operations at every stage of mineral processing, and may be
extremely sensitive to variability in ore chemistry (even within a
single ore body). The chemistry of mineral surfaces is typically
investigated using well-established laboratory methods, such as
batch experiments, and

column experiments, spectroscopic

analysis. Studying leaching on planar or particulate mineral

samples in contact with fluids in micro- or nano-scale

confinement offer realistic scenarios for industry-relevant

research, allowing process optimization.
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2 Micromodels for mineral studies

Microfluidic models provide fluid confinements of variable
complexity, ranging from single microchannel of different shapes
to patterns representative of natural porous media obtained from
imaging or 3D models of real rocks (Anbari et al., 2018). When
coupled with optical microscopy, the microfluidic platform enables
time-resolved observation of fluid flow behavior within various rock
matrix, providing new insights into the effects of dynamic
conditions on mineralization processes and dissolution
phenomenon. Microfluidic models are being developed to
understand the process of mineral dissolution/precipitation from
rock matrix for applications mainly in CO, sequestration
(Abolhasani et al., 2014), soil leaching (Zhu et al., 2022), nuclear
waste management (Mariet et al, 2019), and more recently in
mineral leaching (Yang and Priest, 2018; Yang et al,, 2019). The
principal challenge in understanding or modeling reactive transport
in mineral ores is to account for the subtle effects of fluctuations in
geological setting, mineralogy, microorganisms, and environmental
variables such as temperature, oxygen, and water that will determine
the final composition of the mineral reaction products (Yang et al.,
2020). Moreover, it is critical to ground model conceptualizations
and test model outputs against laboratory experiments and field
measurements.

Early micromodels were generally quasi-two-dimensional
models, or simply “2D models”, made from glass, silicon or
poly-dimethylsiloxane (PDMS) materials; however, the chosen
materials are only limited by fabrication methods and necessary
chemical resistance, mechanical stability, and/or optical
transparency. These 2D models consist of a planar material
with patterned 1-100 pum pore structures in a “chip” with
overall dimensions from 1 cm x 1 cm - 10 cm x 10 cm. 2D

micromodels offer easy visualization, simplified fabrication, and

frontiersin.org


https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2024.1445900

Yang and Priest

10.3389/fceng.2024.1445900

Aqueous
phase

]

Organic
phase

B el P

(b)

Org & Aqinlets

Ttwﬁ

sweass
aesedas

AOZ PR

FIGURE 2
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(A) A milli-fluidic extraction configuration, based on coiled tubing and in-line phase separator, capable of pilot-scale volumetric throughput for
cobalt extraction. Reprinted from L.V. Gursel, S.K. Kurt, J. Aalders, Q. Wang, T. Noél, K.D.P. Nigam, N. Kockmann, V. Hessel, Utilization of milli-scale coiled
flow inverter in combination with phase separator for continuous flow liquid-liquid extraction processes, Chemical Engineering Journal (2016) 283,
855-868. Copyright (2016), with permission from Elsevier (Vural Gursel et al., 2016). (B) Numbering-up microSX of Pt or rare earths. Numbering-up
was achieved by creating multilayer glass chips (shown) and operating three multi-layer chips in a counter-current or parallel configuration. Reprinted
from D. Yang, M. Navvab Kashani, C. Priest, Pilot-scale microfluidic solvent extraction of high-value metals, Minerals Engineering, 182, 107,536 (2022).

Copyright (2022), with permission from Elsevier (Yang et al,, 2022)

controlled pore geometry. These 2D models exclude complex 3D
phenomena (e.g., flow profiles) but can still offer valuable
physicochemical insight. Fabrication of 2D micromodels
involves either: (1) etching a porous medium framework into
silicon or glass substrates using reactive ion etching or
hydrofluoric acid (Chomsurin and Werth, 2003; Zhang et al,,
2010; Kim et al., 2013); or (2) allowing a liquid phase polymer
(e.g., PDMS) to cure and harden after pouring it into a mold
fabricated from either etched silicon or patterned photoresist
(i.e., soft-lithography) (Wu et al., 2012; Conn et al., 2014; Xu
etal., 2014). They represent excellent geometric representation of
rock fractures and enable direct visualization of the fundamental
fluid-mineral interactions at the pore-scale, thus have often been
used to provide data for development and verification of pore
scale modeling (Yoon et al., 2012; Tang et al., 2013; Aufrecht
et al., 2019; Yiotis et al., 2021). Several reviews exist in the area
covering separately advances in fabrication methods (Gerami
etal.,, 2019; Anbari et al., 2018), visualization techniques (Gerami
et al., 2019; Lifton, 2016; Jahanbakhsh et al., 2020) and their
application in different areas including petroleum, geological,
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and environmental engineering (Gogoi and Gogoi, 2019; Lifton,
2016; Zhu et al., 2022; Peng et al., 2021).

Traditional micromodels, however, struggle to capture the
physical and geochemical fluid-rock interactions expected in
rock. Specifically, wettability, pore-scale heterogeneities, and
geochemical interactions are not replicated well. As the transport
and reaction dynamics also depend on the surface chemistry of rock
itself, visualizing these processes in an environment similar to that of
rock (mineral ore) is a typical consideration in the design of
microfluidic devices in this field of study. Where successful, this
approach can mimic the fundamental physics and chemistry that
occur in fractured rocks (cf. Figure 3) or the porosity of particle beds.
Micromodels that include real geomaterial have emerged, where
microchannels are either etched or milled into thin sections of
different rock types (e.g., shale, sandstone, and siltstone (Porter et al.,
2015) or coal (Gerami et al., 2017)) and sealed against a flat PDMS,
or prepared in the opposite way (i.e., a PDMS microchannel is sealed
against a flat sample such as thin gold film (Yang and Priest, 2018;
Kotova et al., 2017), calcite (Ciceri and Allanore, 2015), chalcopyrite
(Yang et al, 2019)).
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FIGURE 3

Preparation of realistic porous structures by laser etching of coal based on microtomography of fracture patterns. Reprinted with permission from
(Gerami et al., 2017), Energy Fuels (2017) 31, 10,393-10403. Copyright 2020 American Chemical Society

Other microfluidic device modifications that aid in representing
real rock were also reported, including functionalized microfluidic
platforms that provide attachment of real rock minerals onto silicon
or PDMS. For example, Song and Kovscek (Song et al., 2015) created
a functionalized two-dimensional silicon micromodel with pore
surfaces coated with kaolinite clay for direct and real-time
visualization of fluid-solid interactions. Lee et al. (2016) and
Wang et al. (2017) developed a method to fabricate calcium
carbonate micromodels by in situ growing a thin layer of CaCOs;
nanocrystals onto glass microfluidic channels that allows the direct
visualization of the complex multiphase flows and geochemical
fluid-calcite interactions. Lee et al. (Lee et al., 2016) tracked the
thickness of CaCOj films while exposed to flow of a Ca-rich aqueous
phase past posts or pores. The spatial confinement effects on local
flow were shown to affect the CaCO; growth. Furthermore, these
CaCOs;-coated channels were subjected to acid dissolution, which
revealed inhomogeneous progression of CaCOj3 dissolution. Wang
et al. (Wang et al., 2017) followed CaCOj; growth with exposure to
(150°C for 12 h) to modify the
microenvironment wettability to the oil-wet (hydrophobic) calcite

crude oil and aging
reservoirs encountered in real systems. The latter proved useful in
studying oil-water (two-phase) flow in these environments, where
the liquid phases were fluorescently labelled and observed by optical
microscopy. Using the same fabrication method, Yun et al. (Yun
et al., 2020) studied the effect of surfactants and interfacial tension
on oil-water phase behavior in calcite-coated micromodel, which
may provide a quick assessment of surfactants for enhanced oil
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recovery. The volumetric flow rate was 0.1 puL/min and the Darcy
velocity was 2.4 ft/day in these experiments. Shaik et al. adapted the
CaCOj; coating method to promote calcite over vaterite mineralogy
in the microchannel (Shaik et al., 2021) and studied the effect of
aqueous phase salinity on the alteration of calcite reservoir
wettability (Shaik et al., 2022). Alzahid et al. (2018) proposed a
different process for functionalizing the microfluidic models with
rock minerals (including quartz, kaolinite and calcite) through
chemical bonding of functional groups of geomaterials with
silanol groups on the plasma treated PDMS surface. Using
bacteria to enable calcite precipitation and growth on solid
surfaces were also reported for geomaterial functionalized
micromodels (Song et al., 2018). All these geomaterial modified
micromodels permitted detailed studies of dissolution, leaching and
liquid displacement processes including the relevant fluid-solid
chemical reactions which conventional microfluidics/micromodels
cannot replicate in a naturally occurring mineral substrate.
However, these methods are generally limited to sample materials
that are readily fabricated and optically interrogated, such as calcite.
Furthermore, mimicking the natural wall roughness of the fractures
with high precision and having flexibility to allow fracture
deformation has remained challenging.

To overcome these limitations, Osselin et al. (2016) designed a
simple microfluidic setup by inserting a gypsum block in between
two polycarbonate plates. This sandwich shape of design allows the
flow through experiments to study the classical case of reactive
infiltration, analogous to the processes taking place in reservoir
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stimulation or karst formation. Based on this design, Dutka et al.
(2020) modified the microfluidic cell and used it to observe changes
in size and shape as gypsum dissolved in flowing water. In addition,
Singh et al. (2017) developed an analogous microfluidic platform
called “Real Rock Microfluidic Flow Cell” by mounting a thin
section (500 pum) of a sandstone rock between two PDMS layers
that were bonded via a plasma generator, creating a dynamic flow-
through cell for real-time tracking of subsurface reactive transport.
Another PDMS micromodel flow cell was constructed more recently
by Alarji et al. (2022) by placing thin section (1 mm thickness) of two
carbonate rock wafers into a PDMS mold to allow the injection of
reactive fluids into the rock sample. This setup enabled the direct
measurement of the acidic fluid reaction rate with carbonate rocks
under flowing conditions by quantifying the evolved CO, gas over
time. These microfluidic approaches have helped to investigate a
variety of phenomena such as wettability, mass transfer, flow regime,
the influence of flow rate on residual oil saturations, and three-phase
flow in fractures (Anbari et al., 2018; Jahanbakhsh et al., 2020) In
general, these microfluidic devices are enclosed microstructures to
which geomaterials are grafted by either inserting delicately milled
or machined rock wafers into micromodels or growing the mineral
crystals in the confined space of the microfluidic systems.

3 Leaching minerals in microdevices

Traditional studies of mineral leaching are carried out in
large columns, heaps, or laboratory apparatus over times
ranging from hours to months. Sample sizes are often
measured in kg or t, depending on the batch size, and the use
of leaching reagents (often acids) is also high. Moreover, spatial
analysis of leachate and mineral chemistry in these large systems
is limited, due to the possible number, type, and location of
suitable sensors. Visual analysis is generally impossible. In
contrast, microfluidic mineral leaching platforms are small,
give faster results, use orders of magnitude less sample and
reagent, and offer in situ analysis of both leachate and mineral
samples without compromising the microscale spatial
confinement effects and relevance of the mineralogy studied,
as discussed further in this section.

During leaching, the microscale environment and surface
wettability dominates fluid behavior (capillary forces and laminar
flow, which are defined by the particular spatial confinement and
fluid properties). In addition, the high surface-to-volume ratio leads
to interfacial reactions that are affected by local concentration
gradients, the rate of local surface reactions, and surface reactions
that may adjust the surface charge (affecting electrical double layer
that

leaching mimic the

phenomena). It is therefore important experimental

investigations of mineral microscale
geometry, fluid properties (including reactivity), and surface
chemistry accurately. Song et al. (2014) presented an initial
attempt on the application of real rock micromodels in
visualizing calcite dissolution that is relevant to oil/gas recovery,
CO, disposal

formations. The transparent chip allowed direct visualization of

sequestration, and wastewater in carbonate
preferential dissolution along crystal planes and phenomena such as
“wormbholing”, where dissolution is faster along preferential flow

pathways. Later, Ciceri and Allanore (Ciceri and Allanore, 2015)
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elucidated the microfluidic nature of K' ions leaching from a
K-feldspar-bearing rock (syenite) (a key step of weathering of soil
mineral in agriculture) by measuring the leaching kinetics in a
microfluidic environment. This study required the collection of
time-resolved samples in vials, which is an approach commonly
used to enable sensitive off-chip analysis methods (e.g., ICP-MS).
Kotova et al. reported a hybrid gold-PDMS microfluidic chip for
investigating gold leaching in a high aspect ratio microchannel, i.e., a
crack or fracture, in real-time (Kotova et al., 2017). The method
exploited the quantitative relationship between optical transparency
and film thickness, which allowed in situ monitoring of the leach
rate and profile. Later, Yang et al. (Yang and Priest, 2018) and Azadi
etal. (Azadietal, 2019) applied the method to investigate gold leach
controlled flow, temperature, and fluid
composition. Rapid screening of leach parameters, including

conditions under
aspects of mechanisms and kinetics, was also enabled using
minimal reagent volumes and amounts of gold (mL/mg level)
(Yang and Priest, 2018). Yang et al. extended the hybrid chip
concept to include a planar chalcopyrite ore in a “ore-on-a-chip”
for studying mineral leaching, as shown in Figure 4 (Yang et al,
2019). The new platform was shown to be suitable for studying
leaching of the notoriously complex chalcopyrite chemistry, which
has proven difficult to study using conventional techniques.
Nonetheless, mineral ores are natural materials which are
typically rough and exhibit significant geological diversity in
terms of composition, structure, and abundance. This complexity
significantly complicates the preparation of representative rock-on-
a-chip micromodels.

Unlike many of the planar micromodels, natural formations are
typically rough and chemically heterogeneous. This significantly
complicates dissolution, adsorption, leaching and other physio-
chemical processes related geological character. Mineral leaching
studies are particularly challenging where the sample exhibits a
confluence of complex composition, shape, and species diversity.
Heterogeneous microparticle samples are a prime example of this
complexity and are ubiquitous to mineral processing in the form of
particle beds (e.g., heap leaching) or slurries (e.g., froth flotation). To
this end, Yang et al. (Yang et al., 2020) developed a microfluidic
platform that allows the investigation of mineral dissolution
occurring at the solid/liquid interface of particles, ¢f. Figure 5.
The particulate mineral sample is used as received (ie., ore
particles after grind or flotation steps, cf. Figure 1) and can be
directly loaded into this microfluidic device, without the need for
flat, large areas (e.g., polished or embedded in resin). Samples can be
obtained direct from mine sites and, in many cases, screening at the
mineral processing site would be possible. The approach enables
evaluation of mineral dissolution/leaching for a range of reaction
conditions can be carried out using real rock samples with species
diversity and may be useful in non-mining scenarios (such as
contaminated soils or similar environmental issues).

A scenario that is encountered both in mining and
environmental management is acid mine drainage (AMD). It is
considered the most significant environmental pollution problem
associated with mining industry. AMD forms when sulphide
minerals are exposed to oxidizing conditions, e.g., water and
oxygen, which occurs naturally where sulphide minerals exist in
water-saturated zones. However, AMD can be accelerated by the
production of broken waste rock and tailings through mining
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An “ore-on-a-chip” used to study mineral leaching. The polished chalcopyrite ore and poly (dimethysiloxane) microchannel were sandwiched to
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operations. AMD mineral-water reactions are typically slow and
may take years to occur. Modelling of AMD processes is essential for
the early diagnosis, prediction, and technological analyses, which
can lead to improved energy, economic, and environmental
outcomes. To understand AMD and develop predictive models
that represent a wide variety of mine site chemistry, the
analytical methods must deliver large and representative data sets
across a wide parameter space (mineralogy and water chemistry).
Bulk-scale methods are slow and inefficient in this regard, making
studies of AMD thermodynamics practically challenging.

Applying microfluidic techniques to studying AMD is an emerging
opportunity. Screening methods must be able to study a wide scope of
rock-liquid interactions during AMD formation including adsorption,
dissolution, and other surface chemistry phenomena across many
different rock matrices. For example, formation of AMD from waste
rock and tailings is highly dependent on local environments including
geological setting, mineralogy, presence of microorganisms, and other
environmental variables such as temperature, oxygen, and water. These
factors are highly variable and, therefore, case-specific testing and/or
wide parameter screening using microfluidic methods is highly
desirable. Furthermore, accurate control of key physio-chemical
variables such as temperature are straight-forward on a chip, while
being energy intensive and/or impractical over the longer term (years)
in conventional large-scale experiments.

Deng et al. (2020) demonstrated the application of a real-rock
microfluidic cell coupled with synchrotron-based observations for the
investigation of acid erosion of a rock surface with mixed mineral
composition. Unlike many studies to date, the authors employed in situ
X-ray attenuation imaging (in addition to ex-situ XRF and XCT). Park
etal. (2021) used a microfluidic pore model to investigate the pore-scale
mixing of FeSO, solution with simulated groundwaters to assess the
environmental implications of AMD infiltration into a shallow aquifer.
Yang et al. (2020) developed a microfluidic screening method for AMD,
which is able to screen reaction conditions with good spatiotemporal
control over the process. Reagent and sample consumption were greatly
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reduced to mL and mg levels, compared with conventional bulk-scale
screening (kg and L). These microfluidic AMD studies offer a path
toward effective long-term management of AMD through a better
understanding of leach behavior of sulphide minerals under actual field
conditions.

4 Monitoring mineral slurries

During mineral processing, plant operators need accurate real-
time data on key operational parameters at all stages of processing to
make informed decisions for improved process control and
optimization. The development of integrated microfluidic sensors
using microfluidic technologies allows multistep chemical assays in
a portable, robust, and user-friendly platform using small sample
volumes (uL-nL range) with minimal sample loss and rapid assay
time (Erickson and Li, 2004). Such sensors have proven to be successful
and health
management, food safety and environmental quality monitoring,
and chemical analysis (Schulte et al,, 2002; Gao et al., 2020; Zhang
et al, 2021). However, when applied to mineral streams, the

tools for diagnostic applications in bioanalysis

microchannels become blocked by particulate matter because of
their small size which is similar to that of some of the particles in
the mineral stream. To solve this problem, Shallan et al. (Shallan et al.,
2021) reported a new open-microfluidic strategy that prevents clogging
by creating a dynamic fluidic obstacle outside of the channel. The
approach excludes small particles, while allowing soluble ions to freely
enter the channel for analysis, ¢f. Figure 6. This allows efficient on-chip
separation of analytes from undiluted slurries and buffering of the
reaction matrix. Using the same open-chip, Yang et al. reported
successful continuous monitoring of ethylenediaminetetraacetic acid
(EDTA) extractable iron from mineral slurries (Yang et al, 2023).
These are good examples of how novel microfluidic flows may offer
continuous and real-time monitoring of soluble chemistry, even in
complex mineral slurry samples.
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FIGURE 5

(A) Microparticle "nests” for high throughput screening of mineral leaching. (B) Dissolution rates obtained by microleaching pyrite particles at

different temperature and Fe(lll) concentration for the prediction of acid mine drainage. Adapted and reprinted with permission from (Yang et al., 2020),
Environ. Sci. Technol. 2020, 54, 21, 14,000-14006. Copyright 2020 American Chemical Society.

5 Summary, opportunities, and
challenges

Table 1 provides a summary of the microfluidic studies of mineral
leaching, with details of the chip configuration, minerals and fluids
studied, and analyses employed. When gas and oil recovery applications
are excluded (as they are in this table), it becomes clear that mineral
leaching studies using rock-on-a-chip platforms are few, presenting an
opportunity for further study. There is good agreement in the literature
that using real mineral samples (rock-on-a-chip platforms) is more
industrially-relevant when studying the complex physicochemical
behavior encountered in the mining industry.

Complex leaching reactions on ores embedded in microscale
confinement have been shown to elucidate fast and safe screening of
leaching conditions at low cost and with minimal waste. Industrial
application may include rapid mine site testing to forecast and optimize
downstream processing. The approach may also be useful in developing
novel leaching reagents, developing new strategies for processing low-
grade ores, or studying synergistic or antagonistic interactions between

minerals. Further, there is scope to vary solution chemistry,
hydrodynamics, ore composition (e.g., minerology and structures),
the presence of bacteria, and chemical transformations (including
displacement, precipitation, dissolution, and redox reactions) that
cause physicochemical feedback that directly affects the biological,
physical, and/or chemical leaching environment. Quantitative
information obtained from studies of this kind may be used to derive
useful parameters for predictive models. Microfluidic devices themselves
may completely replace complex and expensive equipment, along with
manual handling of large samples; however, technical challenges remain.
Further opportunities exist where models and simulations of
mineral leaching can be tested more readily with microfluidic rock-
on-a-chip platforms. Conventional leaching experiments do not reveal
the physicochemical phenomena with sufficient detail and certainty for
reliable comparisons to be made with simulations. However,
microfluidic  platforms can reveal optical spectroscopic
real-time solution chemistry. Furthermore,
machine learning has been identified as a promising strategy for

and

information, and
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optimizing mineral leaching, as summarized by Saldafia et al. in a
recent review (Saldania et al.,, 2022). Coupling machine learning with
high throughput microfluidic screening of mineral leaching is likely to
have a major impact on the mining sector.

A challenge remaining is representative sampling and reliable
scaling of throughput to achieve sufficient data for industrial
decisions. For example, gold ore grades can range from <5 g/t
(low-grade) to 30 g/t (Yang and Priest, 2018). As grade reduces, the
liberation and recovery of metals from sample ores will require
increased sample volume to ensure representative sampling for
conventional leaching tests. One strategy is to complete a large
number of parallel analyses to yield an average result with reasonable
uncertainty. However, further research to ensure analytical results
from microfluidic leaching are representative of those obtained
using existing methodologies will be required.

Another challenge is the analysis and characterization methods for
probing interfacial processes, reactions, and outcomes in the
microfluidic systems. The advantages of microfluidic methods are
less attractive if analysis requires the collection of large samples to
be compatible with conventional (lab-scale) analytical methods. In
some cases, typical sample volumes will be several microliters or
tens of microliters, which is unsuitable for common bulk analytical
instruments. This issue can sometimes be overcome by dilution of small
volumes of concentrated samples or prolonged collection times. Neither
approach is attractive. Dilution may affect the matrix, resulting in

precipitation or shifts in industrially important solution parameters
(e.g, pH). Long collection times reduce the opportunity for time-
resolved data points and does not permit a fast answer. A more
effective solution is to develop on-chip or in situ analysis techniques.
This is technically challenging and requires more sophisticated process
design and control but offers time-resolved data (Zhu et al., 2022).
Currently, optical (e.g, UV-vis spectra) and imaging techniques are
used for the on-chip monitoring of mineral dissolution during leaching
processes (Ciceri and Allanore, 2015; Yang et al., 2019; Kotova et al,
2017; Azadi et al., 2019). There is a need to develop other spectroscopic
methods (e.g., Raman and mass spectrometry) or chemical probes (e.g.,
electrodes) for quantitative on-chip measurements, so that both
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Continuous monitoring of Fe(lll) leaching with EDTA from a mineral processing slurry. Chip design (A) including microscale slit-type open channel
(B) and schematic of operation (C). An internal push-pull flow (1 mL/h) is generated within the chip by a syringe pump. A small portion of the internal
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from the slurry using the chip (lines) and off-chip after filtration (points) over 2.5 h. Data is plotted offset for clarity. Figure adapted from (Shallan et al.,

2021) and used with permission, © 2020 Wiley-VCH GmbH.

aqueous and interfacial chemical information can be acquired i situ for
rapid diagnostic of mineral leaching.

Despite these challenges, the present authors expect that
microfluidic devices will play an increasing role in industrial
optimization of mineral leaching operations along the entire process
chain, shown in Figure 1. This outlook, however, will depend on a
sustained research effort and strategic industry partnerships that fully
realize the opportunities and benefits of microfluidic leaching at the
mine site in the near and long-term future.

6 Conclusion

Microfluidic and LOC technologies have emerged as key enablers
in understanding fundamental chemical processes occurring in

Frontiers in Chemical Engineering

mineral processing. This review addresses the various micromodels
developed for resource and mineral studies. Researchers have
demonstrated that these small volume, high precision platforms
offer greater control over experimental conditions than presently
achievable in traditional bulk-scale testing. In particular, flow profiles
and interfacial chemistry can mimic real scenarios, leading to results
that inform predictive models or address industry case studies. Special
attention was given to leaching from natural ores with typically high
surface-to-volume ratios (particles or rock with cracks or fractures).
The combination of relevant microstructure and relevant ore
interfaces in the so-called “rock-on-a-chip” chips—a hybrid chip
integrating a real ore sample - has proven particularly insightful to
researchers. Screening of reaction rates over a wide range of
conditions has provided greater insight into leaching reaction
rates, while using small volumes of sample and reagent. This
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TABLE 1 Summary of microfluidic mineral leaching studies using rock-on-a-chip platforms.

Chip Substrate

calcite-glass slide hybrid
chip

PDMS*-syenite hybrid chip

Minerals Studied

calcite

feldspar-bearing rock (syenite)

Fluids Studied

aqueous acid solution

nitric acid solution

Analysis

In situ optical monitoring of mineral
dissolution

Ex situ ICP-MS" analysis of K+ ions
in collected leachate

10.3389/fceng.2024.1445900

Referencess

Song et al. (2014)

Ciceri and Allanore (2015)

polycarbonate chip gypsum water In situ optical monitoring of mineral =~ Osselin et al. (2016); Dutka

containing mineral dissolution et al. (2020)

PDMS*-glass chip gold solution of 10 mM CuSO,4, 1 M In situ optical monitoring of thin Kotova et al. (2017)
Na,$,0;3, 1 M NH,OH gold film dissolution Yang Priest (2018)

PDMS*-glass chip gold alkaline glycine solution In situ optical monitoring of thin Azadi et al. (2019)

gold film dissolution

PDMS*-chalcopyrite hybrid
chip

PDMS® mineral particle
“nest”

glass-PDMS"-mineral
hybrid chip

PDMS® chip containing

chalcopyrite
pyrite particles
calcite (70%), quartz, pyrite,

and clay minerals

carbonate rock wafers

ferric ion solutions

ferric ion solutions

hydrochloric acid (pH 2.2)

aqueous acid solution

Ex situ analysis by SEM/EDS® and
XPS!

Ex situ analysis by ICP-AES® and
XPps!

In situ X-ray attenuation and ex situ
XRF* and XCT*

In situ optical monitoring of CO,

Yang et al. (2019)

Yang et al. (2020)

Deng et al. (2020)

Alarji et al. (2022)

mineral

“Polydimethylsiloxane (PDMS).

generation

*Inductively coupled plasma atomic emission spectroscopy or mass spectrometry (ICP-AES, or ICP-MS, respectively).

“Scanning electron microscopy energy dispersive X-ray spectroscopy (SEM/EDS).
9X-ray photoelectron spectroscopy (XPS).

“X-ray fluorescence (XRF).

X-ray computed tomography (XCT).

review also highlighted opportunities for studying acid mine drainage,
which exhibits complex site-specific chemistry. The large parameter
space accessible through microfluidic platforms offers a promising
approach to predicting long-term outcomes. However, challenges
remain: small samples require careful experimental design to ensure
that sufficient volume is available for the chosen analytical methods
and the results are representative of industrial processes. To address
these and other challenges, microfluidic researchers will need to
closely partner with industry to study rock-on-a-chip and similar
microfluidic ~ platforms  that can

incorporate  industry-

relevant samples.
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