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Abstract
The rate of K+ leaching from soil minerals such as K-feldspar is believed to be too slow to

provide agronomic benefit. Currently, theories and methods available to interpret kinetics of

mineral processes in soil fail to consider its microfluidic nature. In this study, we measure

the leaching rate of K+ ions from a K-feldspar-bearing rock (syenite) in a microfluidic envi-

ronment, and demonstrate that at the spatial and temporal scales experienced by crop

roots, K+ is available at a faster rate than that measured with conventional apparatuses. We

present a device to investigate kinetics of mineral leaching at an unprecedented simulta-

neous resolution of space (~101-102 μm), time (~101-102 min) and fluid volume (~100-101

mL). Results obtained from such a device challenge the notion that silicate minerals cannot

be used as alternative fertilizers for tropical soils.

Introduction
Soil supports human development by providing society with essential benefits [1, 2]. Soil is a
key subject of investigation with global issues such as climate change, food security and envi-
ronmental degradation [3–8]. Leaching of soil minerals is a key step of weathering, a core soil
process that transforms primary minerals (e.g., feldspars crystallized from magma) into sec-
ondary minerals (e.g., hydrated alumino silicates such as clays) through interactions with the
soil solution. Understanding the dynamics of mineral leaching on both geological and human
timescales is necessary to determine the ability of soils to fix toxic chemicals [1, 7, 8], to accom-
modate nuclear waste [9, 10], to sequestrate anthropogenic CO2 [3, 10–12] and to formulate
affordable agromineral fertilizers [6, 13–15].

K-feldspar (KAlSi3O8) is a framework silicate that accounts for ~10 wt % of soils, constitut-
ing a key potassium reserve together with micas [16, 17]. Ground K-feldspar added to agricul-
tural soils (stonemeal) has been discussed as a potential substitute for traditional potassium
fertilizers, typically expensive soluble salts such as KCl, because of its abundance and relatively
high K2O content (16.9 wt %) [13–15]. To date, a commonly cited limitation to such an
approach is the slow leaching rate of K+ ions from the feldspar, determined by using either
batch or flow-through apparatuses, which do not represent soil hydrodynamics [13, 14, 18]. A
mass balance calculation shows that the amount of K-feldspar necessary to sustain the growth
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of a crop, such as leeks, scales with their leaching rate in soils (S1 Text; S1 Fig). Particularly,
the rate at which K+ ions are available in the immediate vicinity of a root is decided in the
microfluidic environment that surrounds it (S2 Text; S2 Fig). Packing of soil aggregates
(250 μm‒2 μm) generates a network of pores (5,000 μm‒0.01 μm), which hosts the soil solution,
and is the locus of both mineral leaching and root growth [16, 19, 20]. Thismicro scale envi-
ronment generates a unique fluid behavior of the soil solution [20]: laminar hydrodynamic
conditions dominate (Reynolds number<10), the surface-to-volume ratio increases noticeably
with respect to systems of larger scales (S/V/ 1/L) and a readjustment of the surface charge
occurs [21–23]. Thus far, no elements have been provided to identify the role of the microenvi-
ronment on mineral leaching.

Geochemistry literature [10, 14, 17, 18, 24–28] indicates that the leaching of K+ ions from
K-feldspar follows two main stages in acidic solutions: i) a fast reaction, consisting of the
exchange of surface K+ with H3O

+ from the solution and ii) a slow reaction (10−10 to 10-13

molK+ m
-2 s-1), corresponding to the proton-catalyzed hydrolysis of Si-O and Al-O bonds in

the framework structure. Over the long term (stage two), leaching rates show inverse depen-
dence on time [25, 26]. However, little is known on the initial leaching period (stage one), i.e.
the first instances of contact between mineral surfaces and soil solution, which are particularly
important for the use of K-feldspar as a fertilizer. The surface reactivity in this early stage is
unclear and could be due to loosely bound (defectual) exchangeable ions. However, other
hypotheses have been brought forward, for example the absence of an altered layer at the min-
eral surface, which would form only in the later stages of weathering [14, 18, 28].

Such considerations call for new approaches to investigate soil minerals, within a space scale
representative of the rhizosphere and within a time scale representative of agronomic rather
than geological cycles. Therefore, with the aim to elucidate i) the effect of the soil microfluidic
network on mineral leaching and ii) the potential agronomic benefit of K+ released from K-
feldspar, we constructed a microfluidic device where leaching of an ultrapotassic syenite (S1
Materials and Methods) takes place in a microfluidic environment. Experimental results
obtained with this device demonstrate that affordable silicate minerals can be exploited as a
source of crop nutrients, provided that their application to agricultural fields is engineered by
taking into account the microfluidic nature of soils.

Materials and Methods
The microfluidic device for the investigation of minerals leaching is assembled by sealing a thin
section of the syenite sample to a polydimethylsiloxane (PDMS) mold, previously ablated by a
laser to create a serpentine microchannel. A photograph and a schematic of the device are
given in Fig 1(A) and Fig 1(B), respectively. Details of the experimental setup are provided
below.

Petrographic thin section
Petrographic thin sections (Spectrum Petrographics Inc.) of the syenite sample (S1 Materials
and Methods) were 27 mm x 46 mm, two-sided polish (0.5 μm diamond), 30 μm thick and
mounted on borosilicate glass with acrylic resin. Thin sections were fabricated using a synthetic
kerosene (IsoparTM L (AM), ExxonMobil) to avoid contact with water. Three microfluidic
kinetic experiments were conducted, each corresponding to a different thin section device,
obtained from the same rock sample. Petrographic observation showed that the spatial distri-
bution of the mineral grains among the three thin sections was very similar.
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Microchannel
Polydimethylsiloxane (PDMS) was obtained by mixing the elastomer base with the curing
agent (SYLGARD1 184 silicone elastomer kit, Dow Corning) in a 1:10 weight ratio. The mix-
ture was degassed under vacuum to remove trapped bubbles of air and cast on a custom made
aluminum circular mold that hosted a silicon wafer (Sigma Aldrich) at the bottom. After cast-
ing, the mold was placed in a laboratory oven at 100°C for 45 minutes, to heat cure the
degassed polymer mixture. The heat cured PDMS was removed from the mold and a micro-
channel ablated with a CO2 laser (Universal Laser System, V460, 60W) operated with the soft-
ware CorelDRAW X419. Printing settings were as follow: vector pen mode, power 10%, speed
10%, PPI 1,000. Three PDMS molds were created, each corresponding to a specific microchan-
nel, a specific thin section and a specific flow experiment. The cross section of each channel
was triangular (S3 Fig). A summary of the microchannels’ dimensions measured by optical
microscopy is given in S1 Table.

Device Assembly and Microfluidic Flow Setup
A puncher (Harris Unicore 1.20) was used to pierce the PDMS at the extremities of the micro-
channel, to create the inlet and outlet. The PDMS was then washed by multiple acid/rinse
cycles in standardized HNO3 1M (Alfa Aesar) and water, respectively. The water used for
washing as well as for the preparation of all solutions and dilutions was purchased from Ricca
Chemical Company1 (ACS reagent grade, ASTM Type I, ASTM Type II).

The microfluidic device was constructed by creating a watertight seal between the thin sec-
tion and the washed PDMS mold, which were both exposed to plasma cleaning (Harrick Scien-
tific PDC 32G) in an oxygen atmosphere (67 Pa) for 55 s, and quickly contacted against each
other immediately after the treatment [29, 30]. Due to natural variations within a rock sample,
the microchannel was aligned each time over a different distribution of mineral grains,
although for each flow experiment K-feldspar was by far the main mineral exposed to the
leaching solution (thin sections were 94.5 wt % K-feldspar as discussed in S1 Materials and
Methods).

To allow liquid in and out of the microfluidic device, NanoportsTM (Idex Health&Science,
N333) were used to connect capillary tubing (Idex Health&Science, 4010) to the microchannel.
The capillary tubing at the inlet (6 cm long, I.D. 254 μm) was connected to a syringe (Becton,
Dickinson and Company, plastics 10 mL) through a female Luer to microtight assy (Idex

Fig 1. Microfluidic device to investigate leaching of soil minerals. (A) Photograph of the microfluidic device used for measuring the K+ leaching rate from
the surface of an ultrapotassic syenite (K-feldspar>90 wt %). The serpentine channel (~30 cm long) is visible (see S1 Video for a visualization of the flow
pattern). (B) Schematic of the microfluidic setup. The syringe is loaded with the leaching solution (HNO3 1M), and connected to the inlet of the device by
capillary tubing. The outlet of the device drains solution in a collecting vial and its K+ content is analyzed by Inductively Coupled PlasmaMass Spectroscopy
(ICP-MS). The collecting vial is used to accumulate approximately 300 μL and is continuously replaced.

doi:10.1371/journal.pone.0139979.g001
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Health&Science, P 662). All capillary tubing and connections were washed by multiple acid/
rinse cycles with standardized HNO3 1M (Alfa Aesar) and water, respectively. The syringe
(also pre-washed) was loaded with standardized HNO3 1M (Alfa Aesar), and positioned on a
pump (Harvard apparatus, PHD Ultra 703009) set to dispense the acid in the microchannel at
the chosen flow rate F (S1 Table). The capillary tubing at the outlet (8 cm long, I.D. 254 μm)
served as a drain for collection of the solution in propylene vials (Corning, 430289). The col-
lecting vial was changed at regular time intervals depending on the flow rate, in order to collect
about 300 μL at a time.

The inlet and outlet capillary tubing had a total volume of approximately 7.1×10−9 m3,
which corresponded to residence times of ~2 min to ~26 s for the flow rate range of investiga-
tion. Such dead times and volumes, comparatively small with respect to the sampling time and
sampling volume, did not affect our results. A schematic of the overall experimental setup is
given in Fig 1B.

The samples collected at the outlet were carefully weighted, diluted immediately in 0.5 g of
water, capped and analyzed within 24 hours by Inductively Coupled PlasmaMass Spectroscopy
(ICP-MS), as detailed in the S1 Materials and Methods and S2 Table. An exception was the
long leaching experiment (see inset of Fig 2), where a number of samples was pooled without
diluting, and analyzed all at once. In this case, samples were kept in a laboratory fridge (4°C)
until analysis (two weeks maximum). In all experiments, the weight of the sample was used to
back calculate the flow rate at the outlet (specific gravity of the leaching solution assumed to be
1 g cm-3), which was always found to be within 99.999% the input flow rate (S4 Fig). All experi-
mental procedures were carried out at room temperature (19±2°C).

Removal of the PDMSmold after microfluidic leaching
At the end of the microfluidic kinetic experiment, the PDMS was detached mechanically from
the thin section with the aid of a spatula or a blade (North American 55411–050, Surgical car-
bon steel). The detached PDMS was cross-sectioned in at least three parts, to evaluate the chan-
nel depth (h) at different channel locations (S1 Table).

The surface of the syenite was slightly damped with a cloth moisten with ethanol (Sigma-
Aldrich,�99.5%), to remove the larger PDMS debris. A very thin-layer of PDMS remained
attached to the syenite surface allowing the determination by optical microscopy of the surface
area (S) exposed to leaching (S5 Fig). Image analysis of the optical photographs was conducted
by using a combination of the software ImageJ (http://imagej.nih.gov/ij/) and Adobe Photo-
shop1. The length of the “short arm” of the serpentine (S5A Fig) was set to 1 mm, according
to the specification given to the channel in CorelDraw1 at the time of ablation, and verified
independently by measurements with the optical microscope. Once the scale was set, the chan-
nel width was measured in different parts of the serpentine and an average was taken. At the
inlet and outlet, the channel was round (S5C Fig) so that an average diameter was calculated.
Then, the total surface area used to compute the leaching rate (S3 Text) was obtained by adding
together all the contributing areas determined via analysis of the photographs. Further to the
observations with the optical microscope, mineral surfaces were analyzed with a Scanning Elec-
tron Microscope (SEM), as detailed in the S1 Materials and Methods.

Results and Discussion
The time-integrated leaching rate of K+ ions (S3 Text) measured at the outlet of the microflui-
dic device (R), is divided by a reference value (Rref) obtained from extrapolation of literature
data reported in batch experiments [18]. Microfluidic-leaching experiments were conducted
with 1 M HNO3, to ensure K

+ concentration analyses with acceptable sensitivity within the
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experimental constraints (S1 Materials and Methods). In natural settings humic and small
organic acids exuded by roots accelerate the rate of K+ leaching, and operating at high acidity
allowed us to approximate such conditions. Choosing such an acidic leaching solution permits
demonstrating with precision how microfluidic flow affects the variation of leaching rates with
time, the primary objective of this work.

As shown in Fig 2, for all flow rates the microfluidic leaching rates in the apparent steady
state are higher than expected, and enhancement more pronounced at the highest flow rate.
Although the influence of micro-confinement effects cannot be ruled out for the data shown in
Fig 2, such an enhanced K+ release can be presumed to originate from the short exposure time
of the mineral surface to the leaching solution (15 hours for the slowest flow rate F3). After 500
hours, R/Rref = 8±2 at 0.2 mL h-1 (inset in Fig 2) confirming this interpretation: in such micro-
fluidic experiments, K+ leaching rates from syenite surfaces have not yet reached a true steady
state but are actually transitioning from ion exchange to framework dissolution. The apparent
“plateau” observed in Fig 2, together with R/Rref values as high as ~103 at short contact times
(12 minutes), are important features of microfluidic leaching, which were not previously
resolvable. Here, we demonstrate that by modulating the flow conditions, the release of K+ ions
can be tuned, and sustained at an unexpectedly high value for an extended period of time. Such
tuning occurs naturally in agricultural soils, where mineral surfaces are exposed to seasonal
changes of flow conditions, for example due to rainfall. Therefore, at the spatial and temporal
resolution experienced by roots in soil microenvironments K+ becomes available at a higher
rate than previously reported. Results reported in Fig 2 shed new light on the processes by
which plants can assimilate nutrients from geological materials in soil environments, and a
microfluidic device enables controlled investigations of the underlying mechanisms.

The rate enhancement reported in Fig 2 suggests the opportunity to reconsider stonemeal,
particularly in those countries that cannot afford or cannot access traditional potassium fertil-
izers [13–15]. In S1 Text we show that if microfluidic leaching rates are achieved in soils, rea-
sonable amounts of syenites could provide sufficient potassium to sustain crop demand.

Furthermore, our approach is not limited to potassium minerals and is relevant for the
investigation of soil kinetics of other nutrients and pollutants. For example, the true dynamics
of phosphorous in soil microenvironments as well as its interactions with other chemical spe-
cies are not known. Our device and method demonstrate both qualitatively and semi-quantita-
tively the dissolution of a grain of apatite, Ca5(PO4)3(F,OH), which is included in the syenite
thin section as a trace mineral (Fig 3; S6 and S7 Figs). The bulk dissolution rate of igneous
fluoroapatite is in the order of ~10-6 mol m-2 s-1 at pH = 0, significantly faster than the dissolu-
tion of K-feldspar [31]. Therefore, an optical microscope suffices to individuate local areas of
preferential dissolution (Fig 3B), an observation that could be done in live mode and completed
with post-leaching elemental analysis by energy dispersive spectroscopy (S1 Materials and
Methods; S7 Fig). The effect of microfluidic leaching on titanite, also present as an inclusion
mineral in syenites, is shown in S8 Fig.

Soil processes encompass a wide range of length scales. Agriculture extends from vast field
areas to the rhizosphere, which in turn extends from meter-sized roots to micron-sized hairs.
We demonstrate that, at these smaller length scales, microfluidics is needed to advance our
understanding of the dynamics of the soil solution. Precision agriculture and improvements of
agronomic yields rely on such advancement. Here, we establish that stonemeal fertilizers
should succeed if the relationship between microfluidic leaching, ion exchange and crop uptake
is as we surmise. To date, ion exchange in soils can be described by several rate laws (e.g., zero
or first order, parabolic diffusion equation), meaning that a single best equation cannot be
selected to describe kinetic rates univocally [8, 17, 32]. Although a rigorous evaluation of leach-
ing rates of framework elements (Si and Al) will be necessary to fully elucidate the microfluidic
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Fig 2. Microfluidic leaching rates of K+ ions (HNO3 1M). Three dataset are reported, each corresponding to a specific flow experiment (S1 Materials and
Methods, S1 Table): i) F1 = 1.0 mL h-1; Re = 2.0; S/V ~1.1×104 m-1 ii) F2 = 0.6 mL h-1; Re = 0.9; S/V ~8.4×103 m-1 iii) F3 = 0.2 mL h-1; Re = 0.3; S/V ~1.1×104 m-1.
Re is the Reynolds number. R is the experimental rate obtained from K+ concentrations determined by ICP-MS (S1Materials and Methods);Rref = 1.8×10-10 mol
m-2 s-1 [18]. V is the cumulative volume of leaching solution in each experiment, shown as a bold number in parenthesis only for F3; V’ = 2.96mL (total volume
accumulated at F3). In the top x-axes t is the cumulative time of leaching experiments. The inset shows the leaching rate over ~500 hours at F3 (the black
box highlights the short-term leaching, which is showed in the main part of the graph). Determination of error bars is given in S3 Text. Curves through
experimental points are provided exclusively to guide the eye.

doi:10.1371/journal.pone.0139979.g002
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nature of K-feldspar leaching, our findings offer new considerations on flow conditions and
leaching times that must be taken into account to redesign fertilization from geological
sources.

Supporting Information
S1 Fig. Amount of syenite rock required for leeks fertilization.mha values obtained from
Eq1 (S1 Text) using Rleek = 1.2×10−9 molK+ s

-1 per leek and SSA varying between 0.5 and 2.5
m2 g-1. R varies between 10-7 mol m-2 s-1 (fastest microfluidic rate determined in this study; see
Fig 2 of the main text) and 10-14 mol m-2 s-1 (framework weathering rate obtained for batch
tests at pH = 7). Cut-off lines are given at 10 t ha-1 (practical limit) and 1.737 t ha-1 (meq; see S1
Text). Arrows show a variation of two orders of magnitude in R, corresponding to a variation
of two orders of magnitude inmha. The pH scale refers to leaching rates R determined in batch
or flow-through apparatuses.
(TIF)

S2 Fig. Microfluidic absorption of nutrients by crop roots. Schematic of nutrient uptake by
roots in (A)macrofluidic system where flow, roots and soils are investigated by measuring
average bulk values of the parameters of interest and (B)microfluidic system where a thin layer
of soil solution is isolated from the soil bulk and only the roots in that layer (black bold) are
considered. R is the rate at which K+ ions are available at the root surface (R2>R1 as demon-
strated by data in Fig 2 of the main text); F is the flow rate; [K+] is the concentration of potas-
sium ions at the roots surface ([K+]2>[K+]1). Note that the two drawings (A) and (B) as well as
the several parts of the leek are not on scale. The schematic is highly idealized. It depicts a leek
growing in a soil in contact with a fresh surface of K-feldspar that leaches K+ ions upon contact
with water. Water flows at an average flow rate F, in a parallel direction to that of the K-feld-
spar surface.
(TIF)

S3 Fig. Example of microchannel cross section. The photograph refers to microchannel 2
(see S1 Table).
(TIF)

Fig 3. Optical photographs (cross-polarized light) of the bare surface of accessory apatite included in a syenite thin section. In photograph (A) the
grain of apatite is in the thin section as received, before sealing the PDMSmold at the surface. In photograph (B) the grain of apatite has been exposed to
microfluidic leaching at 0.2 mL h-1 (HNO3 1 M). The entirety of the grain surface is centered with the microchannel (S6 and S7 Figs). These images are
obtained from an independent thin section experiment and do not need to be related to the kinetic curves reported in Fig 2.

doi:10.1371/journal.pone.0139979.g003
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S4 Fig. Microfluidic flow rates. Flow rates measured at the outlet of the microfluidic device
for different input flow rates. Each flow rate correspond to a different microchannel (S1 Table):
microchannel 1–1.0 mL h-1; microchannel 2–0.6 mL h-1; microchannel 3–0.2 mL h-1.
(TIF)

S5 Fig. Optical photographs (reflected light) of the syenite thin section after PDMS
removal. (A) “Short arm” and corner of the serpentine. (B) Middle part of the serpentine. (C)
Inlet (Ø = 1.24 mm). In both (A) and (B) the average width of the channel is 233 μm. Photo-
graphs refer to microchannel 2 (S1 Table).
(TIF)

S6 Fig. Optical photographs (reflected light) of a grain of apatite in a syenite thin section.
(A) Grain in the thin section as received. (B) Grain exposed to microfluidic leaching at 0.2 mL
h-1 (HNO3 1 M) in a channel about 175 μmwide, and photographed after PDMS removal. The
entirety of the grain surface is centered within the microchannel (Fig 3 of the main text).
PYX = pyroxene; KFS = K-feldspar; AP = apatite; TI = titanite. Photographs are obtained from
the same experiment of titanite (S7 Fig) and are not to be related to curves reported in Fig 2 of
the main text.
(TIF)

S7 Fig. EDS elemental mapping. Ca, P and Si mapping of some mineral grains in a syenite
thin section before (top images) and after (bottom images) microfluidic leaching at 0.2 mL h-1

(HNO3 1 M) in a channel about 175 μmwide. The dotted box highlights a grain of apatite cen-
tered within the microchannel (same grain as S6 Fig and Fig 3 of the main text). The red
box highlights a grain of apatite not touched by the microchannel. Si mapping is shown for ref-
erence.
(TIF)

S8 Fig. Optical photographs (cross-polarized light) of a grain of titanite in a syenite thin
section. (A) Grain of titanite is in the thin section as received. (B) Grain exposed to microflui-
dic leaching at 0.2 mL h-1 (HNO3 1 M) in a channel about 175 μmwide, and photographed
after PDMS removal; the dotted box highlights the area with an obvious change in birefrin-
gence. The entirety of the grain surface is centered within the microchannel. KFS = K-feldspar;
TI = titanite. Photographs are obtained from the same thin section experiment of apatite
(above) and are not to be related to curves reported in Fig 2 of the main text.
(TIF)

S1 Materials and Methods.
(DOCX)

S1 Table. Overview of microchannels used in the present study.
(DOCX)

S2 Table. Overview of ICP-MS analysis.
(DOCX)

S1 Text.
(DOCX)

S2 Text.
(DOCX)

S3 Text.
(DOCX)
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S1 Video. Observation of the flow pattern in the microfluidic device. Video recorded from
the top of the microfluidic device showing the flow pattern inside the serpentine microchannel.
In this flow-visualization experiment, an aqueous solution of Panceu S (Macron Fine Chemi-
calsTM) at a concentration of 1 g per 100 mL of water (Ricca Chemical Company1) is flowed
inside the device at 0.6 mL h-1. Length of the serpentine is ~30 cm, width and depth of the
channel are 166 μm and 222 μm, respectively. The Reynolds number Re is ~1.0.
(MOV)

Acknowledgments
We thank Ms. Flávia C. S. Braga for providing detailed information and for discussion on the
location the syenite sample was obtained from.

Author Contributions
Conceived and designed the experiments: DC AA. Performed the experiments: DC. Analyzed
the data: DC AA. Contributed reagents/materials/analysis tools: DC. Wrote the paper: DC AA.

References
1. Palm C, Sanchez P, Ahamed S, Awiti A. Soils: A contemporary perspective. Annual Review of Environ-

ment and Resources. 2007; 32:99–129.

2. Costanza R, d'Arge R, Groot Rd, Farber S, Grasso M, Hannon B, et al. The value of the world's ecosys-
tem services and natural capital. Nature. 1997; 387:253–60.

3. Lal R. Soil carbon sequestration impacts on global climate change and food security. Science. 2004;
304(5677):1623–7. PMID: 15192216

4. Lal R. Managing soils for a warming earth in a food‐insecure and energy‐starved world. Journal of Plant
Nutrition and Soil Science. 2010; 173(1):4–15.

5. Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF, et al. Food security: the chal-
lenge of feeding 9 billion people. Science. 2010; 327(5967):812–8. doi: 10.1126/science.1185383
PMID: 20110467

6. van Straaten P. The geological basis of farming in Africa. In: Bationo A, Waswa B., Okeyo J.M., Maina
F., Kihara J.M., editor. Innovations as Key to the Green Revolution in Africa: Springer; 2011. p. 31–47.

7. Mirsal IA. Soil pollution. Origin, Monitoring & Remediation. Berlin Heidelberg: Springer-Verlag; 2008.
312 p. doi: 10.3389/fmicb.2015.00940

8. Sparks DL. Environmental soil chemistry. 2nd ed: Academic Press; 2003.

9. Gin S, Abdelouas A, Criscenti LJ, Ebert WL, Ferrand K, Geisler T, et al. An international initiative on
long-term behavior of high-level nuclear waste glass. Materials Today. 2013; 16(6):243–8.

10. Li L, Steefel CI, Yang L. Scale dependence of mineral dissolution rates within single pores and frac-
tures. Geochimica et Cosmochimica Acta. 2008; 72(2):360–77.

11. Lackner KS. A guide to CO2 sequestration. Science. 2003; 300(5626):1677–8. PMID: 12805529

12. Stephens JC, Keith DW. Assessing geochemical carbon management. Climatic Change. 2008; 90
(3):217–42.

13. Manning DA. Mineral sources of potassium for plant nutrition. A review. Agronomy for Sustainable
Development. 2010; 30(2):281–94.

14. Skorina T, Allanore A. Aqueous alteration of potassium-bearing aluminosilicate minerals: frommecha-
nism to processing. Green Chemistry. 2015.

15. Ciceri D, Manning DA, Allanore A. Historical and technical developments of potassium resources. Sci-
ence of The Total Environment. 2015; 502:590–601. doi: 10.1016/j.scitotenv.2014.09.013 PMID:
25302446

16. Huang P. Feldspars, olivines, pyroxenes, and amphiboles. In: Weed JBDaSB, editor. Minerals in soil
environments: Soil Science Society of America; 1989. p. 975–1050.

17. Huang P. Chemistry of potassium in soils. In: Sparks MATaDL, editor. Chemical processes in soils:
Soil Science Society of America; 2005. p. 227–92.

Microfluidic Leaching of Soil Minerals: K+ from K Feldspar

PLOS ONE | DOI:10.1371/journal.pone.0139979 October 20, 2015 9 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139979.s015
http://www.ncbi.nlm.nih.gov/pubmed/15192216
http://dx.doi.org/10.1126/science.1185383
http://www.ncbi.nlm.nih.gov/pubmed/20110467
http://dx.doi.org/10.3389/fmicb.2015.00940
http://www.ncbi.nlm.nih.gov/pubmed/12805529
http://dx.doi.org/10.1016/j.scitotenv.2014.09.013
http://www.ncbi.nlm.nih.gov/pubmed/25302446


18. Blum AE, Stillings LL. Feldspar dissolution kinetics. In: Brantley AWaSL, editor. Chemical Weathering
Rates of Silicate Minerals. Reviews in Mineralogy and Geochemistry. 311995. p. 291–351.

19. O'Donnell AG, Young IM, Rushton SP, Shirley MD, Crawford JW. Visualization, modelling and predic-
tion in soil microbiology. Nature Reviews Microbiology. 2007; 5(9):689–99. PMID: 17676055

20. Pagliai M, Kutilek M. Soil micromorphology and soil hydraulics. In: Kapur S. MA, Stoopes G., editor.
New Trends in Soil Micromorphology: Springer; 2008. p. 5–18.

21. Squires TM, Quake SR. Microfluidics: Fluid physics at the nanoliter scale. Reviews of modern physics.
2005; 77(3):977–1026.

22. Whitesides GM. The origins and the future of microfluidics. Nature. 2006; 442(7101):368–73. PMID:
16871203

23. Lis D, Backus EH, Hunger J, Parekh SH, Bonn M. Liquid flow along a solid surface reversibly alters
interfacial chemistry. Science. 2014; 344(6188):1138–42. doi: 10.1126/science.1253793 PMID:
24904160

24. Zhu C. Geochemical modeling of reaction paths and geochemical reaction networks. Reviews in Miner-
alogy and Geochemistry. 2009; 70(1):533–69.

25. Maher K. The dependence of chemical weathering rates on fluid residence time. Earth and Planetary
Science Letters. 2010; 294(1):101–10.

26. White AF, Brantley SL. The effect of time on the weathering of silicate minerals: why do weathering
rates differ in the laboratory and field? Chemical Geology. 2003; 202(3):479–506.

27. Chou L, Wollast R. Study of the weathering of albite at room temperature and pressure with a fluidized
bed reactor. Geochimica et Cosmochimica Acta. 1984; 48(11):2205–17.

28. Wilson M. Weathering of the primary rock-forming minerals: processes, products and rates. Clay Miner-
als. 2004; 39(3):233–66.

29. McDonald JC, Duffy DC, Anderson JR, Chiu DT, Wu H, Schueller OJ, et al. Fabrication of microfluidic
systems in poly (dimethylsiloxane). Electrophoresis. 2000; 21:27–40. PMID: 10634468

30. Bhattacharya S, Datta A, Berg JM, Gangopadhyay S. Studies on surface wettability of poly (dimethyl)
siloxane (PDMS) and glass under oxygen-plasma treatment and correlation with bond strength. Journal
of Microelectromechanical Systems. 2005; 14(3):590–7.

31. Guidry MW, Mackenzie FT. Experimental study of igneous and sedimentary apatite dissolution: control
of pH, distance from equilibrium, and temperature on dissolution rates. Geochimica et Cosmochimica
Acta. 2003; 67(16):2949–63.

32. Sparks D, Jardine P. Comparison of kinetic equations to describe potassium-calcium exchange in pure
and in mixed systems. Soil Science. 1984; 138(2):115–22.

Microfluidic Leaching of Soil Minerals: K+ from K Feldspar

PLOS ONE | DOI:10.1371/journal.pone.0139979 October 20, 2015 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/17676055
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://dx.doi.org/10.1126/science.1253793
http://www.ncbi.nlm.nih.gov/pubmed/24904160
http://www.ncbi.nlm.nih.gov/pubmed/10634468

