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ABSTRACT: Acid mine drainage (AMD) is the most significant Microchip
environmental pollution problem associated with the mining ~ /
industry. Case-specific testing is widely applied and established in  Sulphide minerals 2
the mining and consulting businesses for AMD prediction, and any ) e

. .. . . L. . ... &Y
improvements in its efficiency, while reducing its environmental ® .. g \ %
impact, are of utmost societal importance. In this study, we o o0 { t‘
develop a microfluidic screening method as a useful tool in the 8-
prediction and, potentially, prevention and remediation of AMD. flowin

The new approach offers key advantages including high m:l [ flowout

throughput screening of reaction conditions, better spatiotemporal o ﬁ — Microfluldicscreening to
control over the process, and ability to conduct field-based preventacid mine drainage
measurements, which will account for specific interactions between

mineral ores and their environment. Reagent and sample consumptions are greatly reduced to mL and mg levels, compared with
those in conventional bulk-scale screening. Parallel (multichip) screening of ferric ion concentration gradients (0—40 mM) and
temperature (23—75 °C) is demonstrated here, showing that the dissolution rate of pyrite significantly changes with the pH,
temperature, and the ferric ion concentration, consistent with previous bulk-scale studies. To verify the robustness of the method, a
mine waste rock was also tested in the microchip with natural waters. This study demonstrates the application of microfluidic

screening to the challenging issue of AMD and, more generally, forecasting and optimization of mineral leaching in industry.

KEYWORDS: microfluidics, screening, acid mine drainage, leaching, mineral processing

B INTRODUCTION

Acid mine drainage (AMD) occurs when sulfide minerals are
exposed to oxidizing conditions, e.g., water and oxygen. This
occurs naturally where sulfide minerals exist in water-saturated
zones, but this process can be considerably accelerated by the
production of broken waste rock and tailings through mining
operations. Sulfide-bearing mining waste can produce large
volumes of contaminated effluents with elevated acidity and
often contains toxic amounts of dissolved heavy metals (such
as Fe, Cu, Mn, Zn and Pb)."* Due to its severe environmental
impact on soil, water resources, and aquatic environments,g”4
AMD has become one of the greatest environmental issues
facing the mining industry. The prediction and control of
AMD therefore poses key elements in the strategy to control
pollution from mining operations.” Although the fundamental
chemistry of AMD formation has been extensively examined,
the resulting profiles of waste rock and tailings are highly
dependent on several factors including geological setting,
mineralogy, presence of microorganisms, and other environ-
mental variables such as temperature, oxygen, and water.’
These factors are highly variable for any given mine site, and
therefore, rapid kinetic testing of waste rock and tailings under
actual field conditions at mine sites using portable devices are
highly desirable for the evaluation and prediction of their long-
term AMD behaviors and potential remediation pathways.
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Current practice of AMD assessment of sulfide-bearing
mining wastes primarily involves long-term acid generation/
alkalinity definition under batch, column, and drum leach
conditions in order to evaluate the acid generation, sulfate
release, and metal release rates based on specific sulfide
reaction pathways. A number of procedures have been
developed to determine the acid forming characteristics of
mine waste materials and long-term AMD prediction and
control.” More broadly, toxicity characteristic leaching
procedure (TCLP) is an accepted standard method for
characterizing solid waste, including leached heavy metals
and volatile organics in environmental remediation and
rehabilitation. However, these tests for the evaluation and
prediction of environmental pollutants, particularly AMD, are
time-consuming and plagued with an insufficient spatiotem-
poral control associated with the large volumes of the reactors
used.” Moreover, accurate control of essential physio-chemical
variables of these large-scale experiments, such as temperature,
are unrealistic over the longer term. Screening measurements
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Figure 1. Schematic illustration of the workflow for a single nest in the leach screening platform. Crushed and screened ore particles can be quickly
and easily loaded into the nest and contacted with various aqueous conditions to investigate AMD formation. Inset: An SEM image of 6 ym pillars
(upper right) and an image of the experimental setup with inlet and outlet tubing (lower right, single nest shown).

that cover the necessary physical or chemical properties require
a relatively large quantity of samples and reagents.

The application of lab-on-a-chip or microfluidic technologies
to geological studies is an emerging field, where the unique
benefits afforded by system miniaturization offer new
opportunities such as high-throughput screening of exper-
imental variables, increasing flexibility in running multiple
screening parameters and evaluating the interplay between the
components. Despite the immaturity of this field, studies of
geological phenomena using microfluidic platforms have been
extremely diverse and are ever expanding, as highlighted by
recent articles discussing the exploitation of microfluidics to oil
recovery,” "' CO, capture/storage,'>'* and release of K* from
soil minerals."”"> Our studies have demonstrated the potential
benefits of using microfluidics in mineral leaching processes for
investigating reactions pathways and mechanisms, correlative
surface analysis, and high throughput screening of chemical or
physical parameters that influence the leaching rate and
process.

To date, only a few examples of microfluidic testing using
real rock samples have been reported.'”'®'” These studies
generally employed two-dimensional models, where a PDMS
microchannel is sealed against a flat sample (e.g., thin gold
film,"® calcite,'* chalcopyrite'®) and allows detailed studies of
dissolution, leaching, and liquid displacement processes.
However, natural formations (such as minerals) are typically
rough and inhomogeneous, which significantly complicates
dissolution, adsorption, leaching, and other physio-chemical
processes related geological phenomena. To this end, we
developed a robust microfluidic method for screening
geological phenomena that occur at the solid/liquid interface
of particle samples (as received). Evaluation of mineral
dissolution/leaching for a range of reaction conditions was
carried out using real rock samples with species diversity. We
chose to screen for AMD under typical environmental (field)
conditions; however, the method can also be applied to
optimization of industrial leach processes at mineral processing
plants.

Pyrite (FeS,), the most abundant sulfide mineral in the
earth’s crust, is a primary contributor to AMD and release of
sulfide bearing mining wastes. It was therefore chosen for this
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study. The rate of pyrite oxidation and the resulting acid
production are dependent on various environmental factors
that are dynamic and vary substantially between regions. Here,
ferric ion concentration, pH, and temperature (which are the
common factors affecting the oxidation of pyrite) were
examined by loading individual “nests” in a chip (see Figure
1). For each experiment, only SO mg of the sample is required.
Reagent consumption is approximately 3 mL for screening up
to 6 h reaction time. Five parallel experiments were
demonstrated here, although the method allows for greater
parallelization as required. Surface characterization of the solid
residue was carried out by X-ray photoelectron spectroscopy
(XPS) to correlate the surface chemistry of the reaction residue
with the leaching behavior observed by solution analysis. A real
waste rock sample was also tested in the microchip with natural
waters to verify the robustness of the developed methodology.

B MATERIALS AND METHODS

Materials. Pyrite ore sample (FeS,) was supplied by Geo
Discoveries (NSW, Australia). The phase purity of the pyrite
ore was confirmed by quantitative X-ray diffraction and
chemical analyses, and detailed characterizations have been
described elsewhere.'? The ore was then crushed, ground, and
screened to a particle size range of 38—75 um with particle
surface area measured at 0.35 m>g~"."” Mine waste rock was
collected from a closed copper—zinc mine in central
Newfoundland, Canada. The elemental composition of the
waste rock was measured using HCI/HNO;/HF analytical
microwave assisted digestion (EPA Method 3052) followed by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) on a subsample ground to particle size of <75 ym.
Chemical composition of the sample gives 4.3 wt % Al, 30.4 wt
% Si, 4.1 wt % Fe, 69 ppm of Cr, 1204 ppm Mn, 1335 ppm of
Cu, 2437 ppm Zn, and 118 ppm Pb. Quantitative XRD
mineralogy suggests that the waste rock contains 56 wt %
quartz, 20 wt % muscovite, 10 wt % clinochlore (chlorite), 4 wt
% pyrite, 3 wt % siderite with minor gypsum, sphalerite,
chalcopyrite. The sample was air-dried, ground, and passed
through a 75 pum sieve before microchip leaching. The natural
water sample was collected from local watersheds (Mawson
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Lakes, South Australia), filtered through 0.45 um-pore-size
membrane filters, and then stored at 0—4 °C for further use.

KOH (1 M, AR, 85%) and HCI (37%) were used to adjust
the pH of the solution. FeCl;.6H,0 (AR) was used for the
preparation of ferric ion concentrations. KCI (0.1 M) was used
as the background electrolyte to ensure the solution ionic
strengths were approximately constant throughout the experi-
ments. All chemicals were purchased from Chem-Supply,
Australia. Milli-Q water (18 MQ-cm resistivity) was used to
prepare all solutions.

Design of Nest-Chip. A schematic representation of the
ore-on-a-chip system is shown in Figure 1. Crushed and
screened ore particles were transferred to open reaction cells
(“nests”) within the microfluidic chip and contacted with
various aqueous solutions under controlled flow, temperature,
and pH conditions to investigate AMD formation. The nests
are formed in an upper polymer layer and bonded to a bottom
substrate layer containing an array of micropillars. The
micropillars serve as a support structure that is impermeable
to the ore particles but allows the fluid (i.e., leaching reagent in
this study) to pass through for collection. Glass materials are
applied in this study for optical observation, but other
materials may be suitable. The ore particles are held as a
packed bed above the micropillars in the reaction cell. In this
study, 6 ym diameter circular pillars arranged in a square
lattice with 12 pm lattice period was used to ensure that the
pillar gap is smaller than the size of the ore particles (38—75
um). The top polymer layer includes a reaction cell, which is
sealed by plastic cover/lid after loading ore particles, and inlet
and outlet ports. PDMS is used for this proof-of-concept study
for its straightforward and inexpensive fabrication and chemical
compatibility.

This design of microfluidic chip allows quick and easy
loading of ore samples as received. The leached analyte was
collected at the outlet for ICP analysis. The reaction rate, pH,
temperature, and other solution properties can be monitored
during the process. Parallel testing of several samples can be
carried out using a nest array, and high-throughput studies are
possible with further parallelization (the five chip nest does not
represent a physical limit). The cell cover/lid, positioned on
the top of the reaction cell, can be easily detached after
reaction finish to allow for surface characterization of the solid
residue after leaching.

Fabrication of Microfluidic Chips. The microfluidic
device for this study is assembled by sealing a layer of
polydimethylsiloxane (PDMS) layer (thickness ~8 mm) on a
pillar cuvette (with 6 pm pillar separation and 10 ym pillar
height)*>*' through plasma bonding, with loading cell and
outlet port precored in the PDMS. During bonding, care was
taken to align the loading cell and outlet port regions within
the pillar cuvette. The fabrication of the PDMS layer was
carried out according to a procedure described elsewhere.”” A
mass ratio of 10:1 of Sylgard 184 silicone elastomer base and
curing agent was mixed thoroughly and poured onto a
hydrophobized silicon wafer-based container. The PDMS
was cured at 60 °C for 4 h and then peeled off from the
silicon master. After which, the loading cell and outlet ports
were cored using 4 mm and 1.5 mm biopsy punches,
respectively. The cross-section of the assembled chip is
illustrated in Figure 1. After loading the ore samples, the
open reaction cell was sealed with a thin layer of PDMS which
allows the introduction of flow via TYGON tubing or optical
inspection of the reaction cell, as required.

Leach Experiment. For each leach experiment, the flow
was driven by peristatic pump (Gilson, Minipuls®3) through
capillary tubing (0.5 mm inner and 1.58 mm outer diameter)
into the reaction cell at 0.65 + 0.05 mL h™'. The leach solutions
were collected at the outlet through capillary tubing in a glass
vial over a period of 1 h for each sample. A schematic of the
overall experimental setup is given in Figure 1. For screening,
five leach experiments at various ferric concentrations (0, S, 10,
20, and 40 mM, respectively) were conducted in parallel under
controlled temperature that was controlled using a transparent
electrical heater below the microchip. The large area heater
ensured that the temperature was uniform across the entire
nest of chips. The flow for parallel experiments were driven by
multiple channels on a single peristatic pump to ensure the
same flow rate in each test. Note that ferric ion concentrations
and temperatures were chosen to reflect actual field conditions
at mine sites for the evaluation of the performance of the
developed microchip for AMD study. Leaching of real mine
waste rock samples followed the same procedure as that of
pyrite samples. All leaching samples were collected at the
outlet and stored in sealed vials at 0—4 °C before being
analyzed by inductively coupled plasma mass spectrometry
(ICP-MS) (Agilent 8800). The average leach rate (mM-m >
s™") during the collection period (1 h per measurement) was
determined from the ion concentration in the collected leach
solution and sample surface area. Screening experiments were
repeated three times with similar results, showing an
experimental error within 6%.

Surface Analysis. After leach or acid wash, the ore samples
were rinsed with milli-Q water to remove any residue leachate.
The PDMS was then removed, and the wet samples were
quickly transferred into a small plastic vial with rinsing water
and stored in the freezer for cold stage (—134 °C) XPS
analysis. XPS spectra were collected using a Kratos AXIS Ultra
DLD spectrometer. The X-ray was a monochromatic
aluminum X-ray running at 225 W with a characteristic energy
of 1486.6 eV. The area of analysis (Iris aperture) was a 0.3 mm
X 0.7 mm slot; the analysis depth was approximately 15 nm
into the surface of the sample. The analysis vacuum was 4 X
107® Torr. The electron takeoff angle was normal to the sample
surface. Spectra were interpreted using the software package
CasaXPS.

B RESULTS AND DISCUSSION

Pyrite Dissolution Kinetics and Surface Pretreatment.
The flow chemistry applied in the microfluidic devices enables
the examination of reaction dynamics, particularly in the early
stages of the leaching experiments, which are difficult to access
using conventional methods. Figure 2 shows the evolution of
the leachate chemistry for both dissolved Fe and § in pyrite as
a function of time (up to 6 h). A rapid decline in both S and Fe
in the leachate was observed for the untreated pyrite sample
compared to the acid washed sample in the first 2 h, suggesting
that acid washing has removed the more reactive surface layer
that contains both Fe and S species. The leachate chemistry
(for S and Fe, respectively) was quite stable and very similar at
the later stage of leaching for both untreated and treated (acid
washed) samples. This may be attributed to the dissolution of
fresh pyrite exposed during the course of leaching. The Fe/S
ratio (0.41—0.46) observed at later stage in the leachate for
both pyritic samples is slightly below the stoichiometric
dissolution of pyrite (0.5). Generally, the result shows that that
the acid wash (pretreatment) has no impact on the leach
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Figure 2. Comparison of S (A) and Fe (B) release rate from pyrite as
a function of time without surface treatment and washed with 3 M
HCI. These experiments were conducted at room temperature, 0.6—
0.7 mL h™! flow rate, pH 2, and 0.1 M KCL

behavior of intrinsic pyrite mineral. Therefore, for further
investigation of AMD formation under various conditions, acid
wash was used as standard sample treatment before running
experiments. Further details about the surface chemistry of
outer layer of pyrite before and after leach will be discussed in
Surface Characterization section. No surface passivation was
observed under the conditions examined during the leach time.

Effect of pH. The effect of pH on the dissolution rate per
unit surface area of pyrite (mM.m %s™") was examined in the
pH range of 2—10. The leach rates of each element at different
pH were calculated from the measured solution total S or Fe
concentration divided by sample’s total surface area
(determined from the mass and specific surface area of the
sample) and collection time for each measurement (1 h). The
average value of the leach rate at steady state (after initial
removal of oxidation layer) was then plotted against pH (error
bars represent the standard deviation of the obtained leach
rates), as shown in Figure 3.

Figure 3 shows that the pH has a significant but very
different impact on the leach (release) rate of S and Fe from
pyrite. The higher the pH, the higher the concentration of
sulfur compounds in solution. However, the concentration of
Fe detected in solution was decreased as the pH increased.
When the pH was higher than 7, only trace amounts of Fe
were detected in solution. The Fe/S ratio calculated from the
total Fe and S species detected in the solutions declined from
0.46 to 0.008 as the pH increased from 2 to 10, i.e., the pyrite
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Figure 3. Aqueous Fe and S released from pyrite as a function of pH
at room temperature with ionic strength of 0.1 M KCl and 0.6—0.7
mL h™" flow rate.

surface did not exhibit the expected stoichiometric dissolution
(Fe/S = 0.5) at high pH. This is most probably due to the
formation of Fe precipitate as iron (hydro)oxides at pyrite
surface, as suggested in previous studies.”>** As the pH
increased further, more iron (hydro)oxides grew at the pyrite
surface; however, this did not prevent further pyrite oxidation
because sulfur species are still released to the solution at
increasing rate as shown in Figure 3. Similar leach behavior was
observed in a previous study.”” Note that the reaction rate
obtained is around 4 orders of magnitude higher than that of
previously reported values at similar reaction conditions,"”
probably due to the continuous flow of fresh leaching solution
and continuous removal of byproducts from the pyrite sample.

The log rate of pyrite dissolution (mol-m™>:s™") plotted
against pH (Supporting Information Figure S1) showed a
reaction order for pH of 0.04 (with a R square factor of 0.96)
in the range of pH 2—10, which is lower than reported values,
which vary widely between 0.11 to 0.5.”>*° The small reaction
order of the present study for H' indicates that pH has a
smaller effect on observed rate compared to batch-scale
experiments, due to the continuous removal of iron
precipitates (formed at higher pH) in the microfluidic flow
system avoiding possible surface passivation. Note that S
concentration detected in the leachate was applied for the
calculation of pyrite dissolution rate instead of Fe, due to the
precipitate of iron species at pyrite surface during the leaching
at higher pH.

Combinatorial Screening (Temperature, Ferric lon
Concentration, and Time). The microfluidic platform is
attractive for the screening of multiple variables of same or
different natures within a single platform because it benefits
from the minimization of the reaction system. In this study,
ferric ion concentration and temperature were chosen as
screening parameters for the study of AMD. Each nest was
exposed to different leach conditions, enabling rapid parameter
screening (results shown in Figure 4).

Figure 4 shows the screening results for varied ferric ion
concentrations (0, S, 10, 20, and 40 mM ferric ion
concentration in the fresh leach solution) for three different
temperatures (23, 50, and 75 °C). The average pyrite
dissolution rates were determined at steady state (observed
between 3 to 6 h) based on the sulfur concentration measured
in the leachate. The relationship between the leach rate and the
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Figure 4. 3D graph of the dissolution rate of pyrite as a function of
temperature and ferric ion concentration with ionic strength of 0.1 M
KCl in the solution, 0.6—0.7 mL h™" flow rate, and pH 2. Inset: Image
of a screening chip with five samples nests for parallel screening of five
Fe®* concentrations for a single temperature (e.g., red symbols).

two variables (temperature and Fe* concentration) is clearly
seen in Figure 4. An increase in either variable increases the
leach rate, consistent with previous studies’*”” but uses several
orders of magnitude less sample, reagent, and time. Surface
passivation was not observed under the examined conditions,
which is likely due to the continuous flow of fresh leach
solution in this study. It might be possible to study surface
passivation by recirculating the leach solution; however, this
was not tested in the present study. On the basis of the above
results, we calculated the reaction order of pyrite dissolution
rate on Fe®" concentration as 0.72 + 0.06 (shown in Figure
S2), which is close to the values reported in the literature.*
The Arrhenius plot shows the apparent activation energy of the
pyrite oxidation reaction by ferric ion solution is around 30.6 +
0.7 kJ mol™!, consistent with previously reported values
ranging between 33 and 63 kJ mol™.***’

Surface Analysis by XPS. Due to the formation of iron
precipitate on the pyrite surface during leaching, analysis of the
sulfur signal may be more useful than that of iron. S (2p) XPS
spectra of the pyrite samples treated at different conditions,
untreated, acid washed (3 M HCl), and leached for 6 h at pH
2, are shown in Figure S4 (Supporting Information). For all
pyrite samples, the characteristic peak located at 162 eV in the
S 2p,/, spectra agrees with the expected value for pyritic S,*~.>
A small $*~ peak at 161 eV was also found on all samples.
Signals detected in the range of 164—165 eV suggested the
presence of elemental S and S, at the surface of all pyrite
samples. On untreated samples, there was a peak at 168 eV,
attributed to the presence of sulfate species on the surface.
This peak intensity was significantly decreased after the acid
wash, suggesting sulfate species were removed from the surface
during washing. After leaching for 6 h, the peak at 168 eV is
barely observed indicating a complete dissolution of sulfates
from the surface. No traces of sulphites were found in the
166—167 eV range. These results are in good agreement with
the analysis of the leachate solutions collected.

Testing of Mine Waste Rock with Natural Water. To
verify the robustness of the microchip for the investigation of
AMD, the leaching of real waste rock sample was tested on the
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chip with natural water. It was observed that under the
conditions examined (i.e., room temperature, flow rate of ~0.7
mL/h, and natural water which has a pH of 5.6), there was no
obvious change of the water content within the time examined
(6 h). However, a decrease in pH of the water to pH 2
significantly increased the dissolution of the ore particles. As
shown in Figure S, there were significant changes for several
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Figure S. Major elements released into the solution as a function of
time during the leach of mine waste rock with natural water. The
experiment was conducted at room temperature, ~0.7 mL h™" flow
rate, and pH 2.

elements including Al, Si, Fe, Cr, Mn, Cu, Zn, and Pb in the
water that passed through the microchip. Note that a small
amount of each element was detected in the feedwater but has
been subtracted from the measured concentration in the
collected samples to ensure that the reported values represent
leached elements only. The evolution of the leachate chemistry
was similar as that of pyrite, with a rapid decline of the
dissolution rate of metals in the first 2—3 h which then
remained stable at the late stage of leaching.

Implications. Microfluidic screening of geological phenom-
ena such as leaching offers a rapid approach to investigating
natural processes that are environmentally or commercially
important. The complex parameter space encountered in these
reaction systems demands high throughput multiparameter
screening, using minimal sample, reagent, and time. The
microfluidic approach used here meets these demands and is
shown to report meaningful time-resolved results for various
reaction conditions. The mineral samples can be directly
loaded into the device, without the need for flat, large areas
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(e.g, polished or embedded in resin). Samples could be
obtained directly from mine sites and, in many cases, on site
screening would be possible. Low-cost testing could precede
field trials, which are typically expensive and time-consuming.
In addition, the proposed screening method could be used to
study a wide range of solid—liquid interactions in flow
(adsorption, dissolution, and other surface chemistry phenom-
ena) across many different fields of application, including
outside of AMD and mineral processing.
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