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Abstract

The understanding of the interaction between mineral surfaces and water holds great
significance in unraveling the physical chemistry of surfaces in beneficiation processes.
Within this study, we employ theoretical simulations to explore the adsorption mech-
anism of water molecules on kaolinite surface, a clay mineral commonly found in iron
ores. Albeit ab initio simulations offer key insights into the microscopic aspects of water
adsorption, such as dissociation mechanisms or the hydrophilic/hydrophobic nature of
the surface, the analysis of water structuring is limited by the insufficient statistical

sampling beyond the interfacial monolayer. By extending size and simulation time,
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the machine learning (ML) potential model is able to reproduce the experimental en-
thalpy profile increasing the hydration film and provides converged densities with a
well-defined minimum between the first water layer and water molecules beyond. Fur-
ther, time correlation function combined to ML method allows for the observation of
dynamic occurrences on surfaces, including residence lifetime and the exchange of water
molecules between hydration layers. In addition to offering valuable insights into the
hydration mechanisms of kaolinite surfaces, for the first time we validate the use of ML
force field to overcome the limitations of both first principles and classical molecular

dynamics simulations for investigating adsorption phenomena.

January 13, 2025

I. Introduction

Kaolinite (AlySi;O5(OH),) is a common clay mineral formed from altered rocks and a source
of alumina impurities.*® Known for its excellent adsorbent properties, it has been largely
studied for the removal of pollutants, such as heavy metals,** dyes® and phenols®” from
wastewaters, thus constituting a promising material for the environmental domain. Yet, due
to its main composing elements (Al and Si), kaolinite is also known for being deleterious to

90 especially in iron ore

metallurgical processes,® reducing both efficiency and productivity,
recovery. Hence, the impurities contained in minerals such as kaolinite together with other
silicates - i.e., phosphates or sulfides - have to be removed from ores by rejecting kaolinite.™
Of note, the removal of kaolinite from iron ores is challenging.***2 Although magnetic and
gravity separation are the common beneficiation routes of iron ores, the decrease in libera-
tion size limits the performance of the beneficiation process. Nowadays, the most effective

13 a separation technique

method to upgrade iron ore concentrates is the reverse flotation,
based on the selective adsorption of reagents onto the mineral surfaces to tune the surface
tension of the minerals.

Both pollutant removal using kaolinite and beneficiation processes to remove it share the



same hydrated conditions during the performances of the process. Indeed, in all mineral
processing routes, particularly in flotation, ores are mixed with water for transport, for dust
management, and for most of the processing stages. Thus, prior to any pollutant capture by
adsorption or surface tension change by adsorption of flotation reagents, understanding the
interactions between the mineral surfaces and water is of paramount interest.*#
Recently, several studies have focused on the hydration mechanism of kaolinite surfaces. >
Molecular simulations conducted on the basal hydroxyl surface have established that a sole
water molecule adsorbs by forming three hydrogen bonds with the surface.*” The first two
bonds involve the oxygen atoms of water and the surface protons, while the third one is
established between the water hydrogen atom and the oxygen atom of the hydroxyl termi-
nation on surface. When one increases the coverage, water molecules generate a monolayer
held together by hydrogen bonds and described as an ice-like structure.?? Furthermore, the
wettability of the kaolinite surfaces depends upon the amphoteric properties of the hydrox-
ylated surfaces, as well as its physicochemical properties and roughness.”Y Albeit methods
such as the sessile drop technique are able to assess the water contact angle,?? the exper-
imental measure of adsorption energy of water at interfaces is very challenging whenever
atomic resolution is desired. Computer simulations, especially when extended, provide ac-
cess to detailed mechanistic information on solvent configurations and may ascertain crucial
dynamical events over the adsorption process.

The goal of the present work is a comprehensive investigation of the adsorption mechanisms
of water onto both the tetrahedral (siloxane) and the octahedral (hydroxyl) basal surfaces of
kaolinite.**** Theoretical modeling relies first of all on classical molecular dynamics (CMD)
and ab initio molecular dynamics (AIMD) simulations. The former requires a reasonable
time scale to satisfly the ergodic hypothesis,* yet it may overcome the limits of infinitesimal
time and space during the adsorption since based on the principles of Newtonian mechanics.
The latter explicitly evaluates the full electronic structure using density functional the-

ory (DFT),?% effectively gauging the reactive events at the interface. However, despite the



17 and ab initio simulations,*® when it comes to interpreting

progress made for both classica
the structural properties of water/solid interactions provided by the experiments, CMD fail
quite often in providing the microscopic interface picture.””*¥ On the other hand, although
first-principles techniques would allow for extended simulations, their high computational
cost represents a severe bottleneck in gauging complex interplay of many phenomena at the
interface, such as surface diffusion or water exchange. Thus, AIMD simulations are limited to
short times of the order of a few picoseconds and are inherently restricted to relatively small
system sizes.®! First-principles-based potential energy surfaces®? may extend the simulation
time to nanoseconds and have been demonstrated to be quite effective in predicting adsorp-
tion energies,? especially when active learning techniques to generate the training data set
are used.** =7 Although nowadays approaches capable of automatically selecting configura-
tions in many different applications exist,®¥ strategies to lighten the training cost are still in
their infancy. Here, a machine learning force field (MLFF)“**# model was iteratively trained
based on AIMD trajectories to generating new data points in CMD trajectories. The hy-
drated MLFF model was employed to evaluate the isosteric enthalpies of water molecules
on kaolinite surfaces at large surface coverages and contrasted to the experimental profile.
Computational details are presented in the next section, while the following sections provide
the results, the associated discussion, and the summarizes of the main findings, including

the validation of the MLFF model.

II. Theoretical Modeling

Classical simulations

CMD was performed using the open Large-scale Atomic Molecular Massively Parallel Sim-
ulator (LAMMPS) package? in the NVT ensemble (constant particle number, volume, and
300 K temperature over 100 ns). The equations of motion were solved using the velocity-

Verlet integrator with a timestep of 1 fs, under the Nosé-Hoover thermostat.#*2 A 3x2x1



triclinic supercell containing 204 atoms was generated. To prevent unwanted interaction be-

Table 1: Parameters of water atoms in the SPC/E model.

Non-bonding Lennard-Jones potential

Species qle) e(kcal - mol™!) o(A)
0) -0.8476 0.1553 3.166
H 0.4238 0.0000 0.0000
Bond-Harmonic potential
Bond 1o (A) K(kcal - mol™')
OH 1.0 554.13
Angle - Harmonic potential
Angle K(kcal - mol™' - Rad™?) 0o(A)
H-O-H 45.77 109.47

tween the water molecules and the reciprocal surface, a vacuum of 30 A was added on top of
the interface. Then, the relative volume was filled with water molecules using the Packmol
software.*** Table [1]lists the parameters dealing with the 3-site rigid SPC/E model* used
to characterize water molecules. Table [2| lists the parameters of the modified Clay Force
Field which contains an explicit term to accurately describe the Al-O-H angle as well as the
OH bonds. 1646

Table 2: Parameters of the modified Clay Force Field used for CMD simulations.

Non-bonding Lennard-Jones potential

Species qle) ¢(kcal - mol™1) o(A)
Tetrahedral Si 2.100 1.8405 x 1076 3.3020
Octahedral Al 1.5750 1.3298 x 107¢ 4.2718

Bridging O -1.0500 0.1554 3.1655
Hydroxyl O -0.9500 0.1554 3.1655
Hydroxyl H 0.4250 0.000 0.0000
Bonds - Morse potential
Bond Dy(kcal - mol™) A(ATY Ro(A)
OH 2.1000 1.8405 x 107° 3.3020
Angle - Harmonic potential
Angle K(kcal - mol™! - Rad™?) Oo(A)
Al-O-H 15 110




ADb initio simulations

DFT calculations at 0 K and AIMD simulations at 300 K were performed on a 3x1x1 kaolin-
ite cell. A vacuum of 10 A was systematically maintained between the interface and the upper
limit of the cell. Further, to prevent any drift of the kaolinite slab during the simulations,
the atoms corresponding to the first layer of the cell were frozen to their equilibrium posi-
tion. Total energy and structure of the system were determined using the Vienna Ab initio
Simulation Program (VASP).*# The semi-local Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional in the generalized gradient approximation (GGA)“® was employed
and the projector augmented wave (PAW)4%2! was used to describe the electron-ion interac-

tions. The Kohn-Sham equations® were self-consistently™?

solved until a threshold energy
difference of 10~7 eV between two consecutive cycles was reached. The plane wave cut-off
energy showed convergence and set at 500 eV. To further the total energy convergence, a
Methfessel Paxton®® smearing of 0=0.1 eV was applied. The structural relaxation was per-
formed until the forces were within 0.01 eV / A. The Brillouin Zone integration was performed
using only I'-point because of the cell dimension. Van der Waals forces were integrated over
the calculations using the D3 correction of Grimme.** The AIMD simulations in the NVT
ensemble (300 K over 100 ps, timestep of 1 fs) were performed with an energy cut-off of
400 eV, a threshold energy difference between two cycles of 107° ¢V and a thermalization
period of 10 ps. Structural analysis for a single water molecule adsorbed upon the slab was
conducted by performing an AIMD simulation for 200 ps. The system’s final arrangement
was subsequently optimized at 0 K, with both the initial and optimized configurations for the

slab and slab-water interface being available in Supporting Information (SI) for the purpose

of reproducibility of the simulations.

Machine learning simulations

MLFF as implemented in VASP 6.4%85% was initially trained using 2 x 10* AIMD steps.

As shown in Figure S1, the values for both radial and angular cutoffs dealing with the



descriptor were estimated by reducing the Bayesian error for the forces. At this stage, the
active learning procedure outlined by Schran et al.*® was employed to progressively refine
the MLFF model. After a preliminary training, the model was immediately used to run
classical simulations in order to extrapolate and generate data points beyond the portion of
potential energy surface already explored. Configurations with the largest energy variance
during the prediction were systematically chosen to fill the unexplored configurational space
and boost the data set. The training ended whenever the root mean square error (RMSE)
between the calculated forces from MLFF and the explicit DFT was within a threshold.
Following the completion of the training, the data collected during the production run were
used to determine the observables whereas statistical Mann-Kendall tests®® were performed
over the equilibration period. As presented in figures S2-S5, the MLFF model was validated
by comparing the profiles of the radial distribution function computed for the pairs of atoms
to the same profiles obtained from AIMD calculations. This comparison was systematically
performed starting from the slab up to the fully hydrated system. Table [3| outlines the
comparison between AIMD and MLFF in terms of adsorption energy values obtained for
one water molecule, as well as half and full hydrated system. Figure S6 shows the the IR
spectrum obtained through MLFF dynamics at 100 K. If contrasted to the experimental
one,”® the theoretical model successfully replicates the presence of the four OH stretching
modes, albeit displaying a minor deviation in their positions. Finally, figure S7 illustrates
the computational cost associated with the AIMD method in contrast to the trained MLFF
potential across a variety of structures differing in dimensions. The total computational time
needed by AIMD shows a significant increase with the size of the system. In contrast, the
total time necessary to predict the electronic structure using MLFF is considerably decreased,
highlighting a linear correlation with the size of the system. For additional analysis and

discussion regarding the ML computational cost, the reader is directed to the SI document.



Table 3: Comparison between AIMD and MLFF dealing with the adsorption energy values
in kJ- mol .

AIMD MLFF

Kaolinite + 1 H,O -60.50 -58.54
Kaolinite + 1/2 monolayer H,O -63.85 -64.05
Kaolinite + 1 monolayer HyO -69.33 -68.03

Evaluation of the properties

The adsorption energies were calculated according to the expression:
AEads = ESM - ES - EM (1)

where Egys, Es, and E); refer to the potential energies of the relaxed molecule interacting
with the surface, of the clean surface and of the molecule in the gas phase, respectively.
Similarly, the calculations of the dispersion forces followed the expression below, in which

the considered energies are dispersive energies:
AEY=FE¢, — EL — EY, (2)

Besides, when several water molecules were considered, the adsorption energies per molecule

were evaluated including the dispersion energies as follows:

AE:ESM—Es—nXEM

(3)

n

where n is the amount of adsorbed water molecules. The isosteric enthalpy dealing with the

adsorption of n molecules was estimated from the adsorption energies of the system before

(AEL,, ) and after (AE"1") the adsorption of those n molecules as follows:
A El-I—n — AE!L
AH = ads ads (4)
n



Finally, for gauging the kinetics of water exchange between the first and second (or higher)
water layers, MLFF was used with the stable-state-picture (SSP) technique.?” Accordingly,

the time correlation function was obtained as
Clt)=1——=> (s(0)s{(t)) (5)

where the sum ran over all water molecules N settled in the first solvation layer at t = 0 and

where s,@ and sp are step functions corresponding to reactant (product) state if the water

molecule ¢ was in the first (second or higher) solvation layer.

ITI. Results and discussion

Single water molecule

Figure [1] presents the positions tested for the adsorption of a single water molecule on the
tetrahedral surface at 0 K. For each configuration, the water molecule was oriented with

the hydrogen pointing towards or away from the surface. Among them, the most favored

On top of an oxygen

On top of a silicon

In the centre of a Si-0 ring

© 0 o o
Al Si (]

Figure 1: Top view dealing with the positions tested for a single water molecule on the
tetrahedral surface of kaolinite.



configuration turned out to be the one with the water molecule at the center of a Si-O ring
(Figure , with the water hydrogen atoms pointing towards the surface (d = 2.2 A). The
adsorption energy in this position was -37.6 kJ-mol~! with a dispersion contribution of -13.8

kJ-mol~!. Next, three configurations were investigated in order to analyze the dissociation of

Figure 2: The most favoured configuration dealing with the adsorption of a single water
molecule onto the tetrahedral surface of kaolinite, with bonds lengths (left) and the difference
of charge density (right). Isosurfaces span from 1073 electrons/A? for the yellow area to
—1073 electrons/A® for the blue area.

the water molecule on the surface. In the close configuration (C.), both ions were separated
at distances ranging from 1.6 to 3.2 A on top of the same Si-O ring. In the medium configu-
ration (C,,), the ions were set in two different Si-O rings at ~ 5 A from each other. Finally,
in the far configuration (Cy), both ions were separated by at least one Si-O ring at 9.5 A from
each other. The vertical distance from the surface was maintained over the simulations at
1.6 A for both ions. Both C, and C,, conducted to the reformation of the water molecule,
with adsorption energies ranging from -37.6 to -32.0 kJ-mol~! and dispersion contributions
ranging from -13.5 t0 -10.7 kJ-mol ™. Albeit for C; the proton was adsorbed onto the surface
whereas the hydroxyl was expelled, the associated enthalpy was found highly endothermic.
Hence, water molecule does not dissociate when adsorbed onto the tetrahedral surface.

Then, we moved to study the octahedral interface. Figure|3|presents the relative basal (001)

kaolinite surface used to perform the theoretical simulations. Consistently with previous cal-
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Al Si O H

Figure 3: Kaolinite (001) basal surface used for theoretical modeling and shown from different
angles. Parameters of the triclinic cell were taken from Bish and co-workers®® and are as
follows: a = 5.15 A, b =894 A and ¢ = 7.39 A; o = 91.93°, 8 = 105.05° and v = 89.80°.

culations,™ the water molecule adsorbed with an energy of -62.4 kJ-mol~! and a dispersion
contribution of -17.7 kJ-mol~!, values significantly more negative than for the tetrahedral
surface. As shown in Figure [} the water molecule formed three hydrogen bonds with the
kaolinite octahedral surface: two bonds between the oxygen atom of the water molecule and
the hydrogen atoms of the surface ( 1.95 < d < 2.1 A) and one bond between a water hydro-
gen atom and a surface oxygen atom (1.7 < d < 1.73 A) Of note, the latter distance values
are consistent with the ones calculated by Tunega, Chen and their co-workers. B When it
came to investigating the dissociation of the water molecule on this surface, we found that

the proton and the hydroxyl recombine only when their distance is within 3 A.
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Figure 4: Left: side and top view dealing with the adsorption of a single water molecule
onto the octahedral surface of kaolinite. Right: difference of charge densities for of the water
molecule adsorbed onto the surface. Isosurfaces span from 1073 electrons/A? for the yellow
area to -107° electrons/A® for the blue area.

From single water molecule to the monolayer

Next, water molecules were continuously added onto both the tetrahedral and the octaedral
surfaces, until a first layer of adsorbed molecules was reached (corresponding to an adsorbed
amount of ~ 0.20 mmol-g™!). As shown in Figure , on the octahedral surface, water
formed a hexagonal-shaped network of bonded molecules located at approximately 3 A from
the surface. By contrast, on the tetrahedral surface, water molecules were maintained at the
same axial distance of 3 A and did not exhibit this hexagonal framework. Figure S8 presents
the energy profiles obtained from DFT calculations at 0 K onto both surfaces. Overall,
water was more favourably adsorbed onto the octahedral surface, which was consistent with
our findings for a single water molecules but also consistent with the rather hydrophyllic
behaviour of this surface. The enthalpy of adsorption decreased from -62.4 kJ-mol™! for
a single water molecule to -86.9 kJ-mol~! for the monolayer, which meant that the water

molecules were stabilised by the formation of a network on the surface. Beyond the formation
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of the monolayer, corresponding to the minimum in the enthalpy profile, the energy increased
again with coverage and at higher values (> 0.6 mmol/g), and stabilized around -70 kJ-mol~!.
Consistently with what was previously observed by Tunega et al.,”™ a smaller enthalpy value
of -65.5 kJ-mol~! was found for the monolayer formed onto the tetrahedral surface. When
more water molecules were added on top of this surface, they condensed in the gas phase

without forming any structural arrangement. On the octahedral surface, a second water

Figure 5: Monolayer on top of kaolinite’s octahedral surface seen from (a) the b-axis (side
view), from (b) the c-axis (top view) and from (c) the c-axis with the monolayer represented
by dotted lines.
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layering formed at approximatively 6 A from the surface. Beyond that, water molecules

formed bulk-like water, which raised the question of the existence of the third layer.1?
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Figure 6: (a) Isosteric enthalpy of the adsorption of water onto kaolinite octahedral surface
estimated from CMD, AIMD and MLFF simulations at 300 K. (b) Increasing the adsorbed
amount of water beyond the monolayer, comparison between the adsorption energy profiles
obtained from the experimental dual-site Langmuir-Freundlich (DSLF) model (blue solid
curve®) and the MLFF model (black filled circles). (c) Comparison between AIMD and
MLFF techniques dealing with oxygen water densities. By convention, the interfacial layer
is settled to 0 A.

Beyond the limits of CMD and AIMD: MLFF

To address this topic, we had to reasonable scale both size and simulation time in order to
improve the statistical sampling. Since the adsorption of water does not involve a chemical
reaction, we first compared at room temperature the quality of CMD to AIMD simulations.
Figure @(a) illustrates the enthalpy profiles derived on the octahedral surface through CMD,
AIMD, and MLFF simulations. Overall, the energy differences of ~ 10 kJ-mol~! could be
attributed to the looser network formed by water molecules during the CMD trajectory. The

MLFF model successfully replicates the AIMD profile, albeit with a slight shift in the curve’s
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minimum and an underestimation of the maximum value. Additionally, as the MLFF profile
covers a broader range, it converges to a lower energy level by 2 k.J - mol~! compared to the
AIMD profile. Besides, Figure S9 shows a pictorial representation increasing the amount
of adsorbed water molecules over the CMD simulation. The minimum energy of the CMD
profile corresponded to -62.0 kJ-mol~™! and an adsorbed amount of ~ 0.15 mmol-g~!. At
higher values of surface coverage, the enthalphy stabilized at -47 kJ-mol™t. With regard
to AIMD simulations, Figure [7] displays a few snapshots obtained by progressively adding
water molecules onto the octahedral surface. The monolayer in this case corresponded to an
adsorbed amount comprised between 0.15 and 0.20 mmol-g~!, with an adsorption energy of

-73.6 kJ-mol~! and located at 3 A from the surface. Beyond the monolayer, the enthalpy

ha 2he 20 SN A o

Figure 7: Snapshots dealing with the adsorption of water onto kaolinite octahedral surface
at 300 K over AIMD simulations. Values are in mmol/g.
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calculated by AIMD simulations increased with coverage and stabilized at -53.4 kJ-mol™!.
As shown in Figure [6b, this value was consistent with the adsorption isotherms experiments
for low adsorbed amounts®® and comparable with the adsorption/desorption energies com-

monly observed on metals and minerals surfaces.®*! To improve the simulation accuracy for

C(®

04

02

o MR M h
0 20 40 60 BO 100120140 O 20 40 &0 80 100 120 140

Time / ps Time / ps

Figure 8: Time correlation functions obtained from MLFF simulations describing the resi-
dence lifetime of water molecules in the first solvation layer at the kaolinite surface. For the
sake of pictorial representation, dimensions of Si (blue) and Al (gray) have been magnified in
comparison to O (red) and H (white) to accentuate the distinct stepped-edge configuration
of the computational models.

larger amounts of water, a first-principles-trained potential energy surface was obtained and
compared to the experimental isotherm.?” While showing a smoother profile (Figure |§|b),
the MLFF model was able to reproduce the experimental one, reaching the plateau for high
values of surface coverages at ~ -39 kJ-mol™!, nearby the enthalpy of condensation of water
(-40.7 kJ /mol). Figure |§|c shows how further insights on water structuring were obtained by
monitoring the water oxygen atoms density above the kaolinite slab, settled at 0 A . First, the
ML simulations qualitatively recovered the explicit profile obtained by AIMD simulations,

exhibiting a pronounced peak corresponding to the first adsorption layer characterized by a
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highly structured water arrangement. Noteworthy, the AIMD simulations failed in providing
well defined layering structures at higher distances from the slab, most probably due to the
poor statistical sample. By increasing the order of magnitude by a factor three, the data
collected by the trajectory were able to design a well converged density profile, exhibiting
water structuring in the first two layers. The first minimum in the density profile indicated
the poor water exchange within the first two hydration films whereas the second minimum
precedes the formation of bulk water, rather complete beyond 8 A.

Finally, an investigation was conducted to assess the predictive capability of the MLFF
model in anticipating the damping effect on the surfactant water motion caused by the pres-
ence of edge surfaces, which are accountable for the amphoteric nature of kaolinite.%? Within
the confines of this theoretical framework, the AIMD simulations encountered limitations in
terms of size and duration whereas CMD simulations failed to offer essential insights at the
edge interface due to its notably high reactivity. Particularly in a hydrated environment,
silanol and aluminol groups on the edges exhibit hydroxyl groups coordinated to only one
silicon or aluminium atom.®® Consequently, the edge surface is distinguished by a consider-
able quantity of exceedingly reactive terminations that have the potential to attenuate water
motion upon contact with the surface, thereby influencing the overall interfacial reactivity of
kaolinite.®® Starting from the octahedral basal surface delineated in Figure (a), two models
were devised to incorporate and gradually augment the edge surface area. The models show-
cased in Figures [§(b) and [fc) corresponded to edge coverages of 36% and 43% relative to
the basal slab, respectively. By employing the time correlation function C(¢) in conjunction
with MLFF, insights into the kinetics and exchange of water molecules between the first and
second layers were provided. The correlation profiles illustrated in Figure |8 indicate that
the basal model demonstrates the briefest residence lifetime of water molecules within the
primary hydration film. Conversely, it is evident from models (b) and (c) that the residence
lifetime was influenced by the edge interface and its degree of hydroxylation. Notably, for

high hydroxylation values, -Si-OH and -AIOH;OH terminations exhibit amphoteric charac-
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teristics and high reactivity.®* Subsequently, the terminations may transition gradually from
~OH, to -O via -OH by releasing their protons, contingent on the pH of the solution.©566
On the whole, correlation profiles at heightened hydroxylation values (= R-OH) exhibited a
shorter residence lifetime within the first layer compared to lower values (= R-O), suggesting

that the dangling terminations on the edge may also impact the water molecules’ kinetics at

the slab interface.

IV. Concluding Remarks

In this study, a comprehensive theoretical analysis of the hydration mechanisms occurring on
the surfaces of kaolinite has been presented. First-principles simulations allowed identifying
the predominant structural water organizations involved at the interface, revealing a highly
organized water arrangement within the initial hydration layer. The employment of machine
learning extended simulations facilitated the exploration of water density profiles and the
observation of dynamic processes, such as water exchange between the first hydration layer
and subsequent water layers. Findings in this direction could offer valuable insights into the
structure-property relationship at these interfaces and pave the way for more accurate ad-
sorption models and improved characterization methods within the flotation industry. Yet,
due to the intricate interplay of various phenomena at the solid-liquid interface, including
surface diffusion and fluctuations in hydrogen bonding, understanding the origins and mech-
anisms of specific microscopic properties remains a significant challenge. Studies aimed at
assessing the role of selective adsorption of collectors and depressants as well as at improving
the transfer of ML model strategies in the contest of mineral /water interfaces are currently

underway in our group.
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