Confined Water Determines Transport Properties of Guest Molecules in Narrow Pores
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Abstract

We computed the transport of methalerough 1-nm wide slitshaped pores carved out of solid
substratesModels for dica, magnesium oxide, and alumimeere used assolid substratesThe pores
were filled with water.The results show that thmethanepermeability through the hydrated pores is
strongly dependent on the solid substrate. Detailed analysi® cfittulated systems reveals that local
properties of confined water, including its structuaeg more importantlygevolution ofsolvation free
energy and hydrogen bondtructure are responsible for the pronounced differenobserved The
simulations arextended to mukcomponent systems representative of naturgl gataining methane,
ethane, and ¥$. The results show that all pores considered have high affinity farrioderate affinity
for methaneand low affinity for ethane. The8/methane traport selectivity through hydrated alumina
pores is comparable, or superior, to that reported for existing commercial membranes. -gcalwilti
aporoach waghen implemented to demonstrate that a Smoluchowskdimnensional model is able to
reproduce the olecularlevel results for short pores when appropriate values for the detfaliffusion
coefficients are used as input parametérs.propose that theodel can be extended to predict methane
transport through uniform hydrated pores of macroscopic leMgtien verified by experiments, our
simulation results could have important implications in applications such as natural gas sweetening and
predictions dmethane migration through hydraulically fractured shale formations.
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Introduction

The separation of natural gas into its components is required for a variety of technological applications.
For example, natural gas, as extracted, contains methane, ethane, a few higher molecular weight
hydrocarbonsall of which find use in the petrchemtal industry,but also water, carbon dioxide,
hydrogen sulfidg¢H.S) and other compoundkat are deleterious for the aforementioned USegetening

of the gas (removal dfl;0, H,S and CQ) is needed to avoid pipe corrosion during transportation and to
enhance the heating power of the ,gasile the recovery of ethane and higher molecular weight
hydrocarbongs desirable foupgrade processes such as cracking and polymerization. Industrially, natural
gas sweetening is often performed via expensive aatygintensive distillation processé$,although
membranes are being designed for improvipgnsuch processésResarch continues to be performed

to better engineer the membrarmesiimprove their selectivity and capacttytateof-the-art membranes
include those obtained usimgbberypolyamidepolyetherblock copolymes, commercially available as
Pebax which allowthe simultaneous separation of £ahd HS from CH; these membranes dmrown

to swell in the presence of liquid watewjth negative impacbn the membraneselectivity> Rubbery
materials containing ¥5-philic groups areensitiveto penetrant k& at high feed pressuresghich causes
swelling and plastigiation® As a consequenceybbery composite membranggically do not endure
high-pressureoperatiors, a problem for natural gas sweetenimgyhich the feed gas pressuis often

higher than~4 MPa> Membranes that are not polymeric (e.g., those obtained from graphene sheets),
could allow to achieve excellent performance, this requires weltontrolled manufacturing of the
porous materials. The resultant materials can be very sensitive to the presence of moisture in the gaseous
mixture and may lose mechanical integrity at high pressure.

From a different point of view, the ggence of methane in drinking water has been documented in several
parts of the world, most notably in the Marcellus region in the North East of the United’ Batesise

of the widespreaimplementation of hydraulic fracturing for the stimulation of shale formations in the
region during the last 1P0 years, a strong debate is ongoing regarding the source of the methane

detected in drinking water. Possible sources include microbial amddbenic oneslT'wo factsstand out:



shale formations are fractured at depths of at &80 m and the permeability of shale rocks to fluids
and gasess extremely low (of the order ai few millidarcies or much lesp These observations are
commonlyidentified assupporing evidence fothe low probability of drinking water contamination due

to hydraulic fracturing.The low recovery of hydraulic fracturing watand its potential impact on
hydrocarbon production atey issues that remaipoorly constained. For example, recovery of frack
fluid from the Haynesville shale is very low, roughly 5% whereas for the Barnett and Marcellus recovery
can reach as high as 5@%mbibition of fracturing fluid into thenaroporous rockmatrix hasbeen
identified as a possible mechanism for fluid loss and reservoir dattfafie.substantiate or refute this
claim, itis critical to better understand the transport of low molecular weight hydrocarbons, especially
methane, through narrow s representative of those found in -subface shale formations. It is of
particular interest to understand whether methane can transport across narrow pores filled with water,
especially because recent computational results have suggested that thes reelhaility in confined

water can be one order of magnitude larger than that measured in bulk water. Other reports are also
supporting enhanced gas solubility due to confinement effeéts.

The computational research presentedre reveals a somewhat surprising outcortieat small
hydrocarbonge.g., methanejan diffuse through narrow pores filladth water This can have important
implications in understanding the migration of cardbearing fluids in the sulsurface.Moreover the
prediction ofhydration structure within narrow poregsems tdead to significantchemicalselectivity,

which couldbe exploited for the separation of gases, e.g., in natural gas sweeteninte latter
application, it is notable that the solid materiaded for the present studye obtained from rather stable
structures representative of minerals found in thessuface, and therefore are expected to be chemically

stablefor time scales shorter than those at which mineral dissolution processes become relevant.



Materials and Methods

We conductedextensiveequilibrium and norequilibrium molecular dynamicsMD) simulations. The
models and algorithms implemented have been described at length in our prior contribtitiand,
therefore only a short summary is provided herein.

Solid supportsWe considered slghaped pores obtained from three model materials: silica, alumina, and
MgO, shown inFigure 1. Details about three model magds are described elsewhete!®2! All the non
bridging oxygen atoms on silica and alumina surfaces were protdr&tede MgO surfaces were not
hydroxylatec?> The latter is an ovesimplification of reality, but it allows us to understand,
computationally, how the fluid structure under confinement deterniiveemmembrane performance. The

X and Y dimensions of the three surfaces were of3810@.8, 46.990.7, and 52%1 0 5 .2 Tor dilica,
alumina, and MgO, respectively.

Force fields The CLAYFF force field was implemented to simulate the solid substéafés silicon,
aluminum and oxygen atomgere held at fixed positions while the surface hydroxyl hydrogen atoms
were allowed to vibrate. All MgO atoms were kept rigid. The transferable potentials for phase equilibria
(TraPPE) force field was implemented to model methane and eth@he.rigid SPC/E model was used

to simulate watef® The potential parameters developed by Kamath et al. were used toHaB8deBond
lengths and angles of water were kept fixed by implementing the SETTLE algéfithom-bonde
interactions were modeled by means of dispersive and electrostatic forces. The electrostatic interactions
were modeled by the Coulombic potential, with leagge corrections treated using the particle mesh
Ewald (PME) method® Dispersive interactions were modeled by-6l2ennardJones (LJ) potentials.
The LJ parameters for unlike interactions were determined by LeBemtizelot combiningrules® from

the values of like components. Thedaffidistance for all interactions was set to 9 A.

Simulation set up The simulation box is periodic in the three directions. The Y dimension of the

simulation boxes reflects the periodicity of the solid crystalline substrates; the X and Z dimensions were

setto 172.742.9,211.23 3 . 8, and@32aA1i4fior silica, al umi na, and

width in all the three systems was set -tocénterl 0 i
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distance between surface oxygen atomesacthe pore volume). Due to periodic boundary conditions, the
nanopores are effectively infinite along the Y directiQunversely the pores are finite along the X
direction, along which they are exposed to the féed., methane)and permeatéwater + vacuum

phases.

The simulation setup mimics the one implemented by Balbuena®sral. by Mizukami et aP! adapted

to investigate the effect of hyation water on selectivity. The initial configurations were built with water
molecules filling the slit pore. The number of water molecules was fixed at 4500 for three systems. These
molecules were sufficient to fill the pore volume and form thin layarthe solid substrate outside of the
pores. As the simulation progresses and methane flows across the pore, the water film remains only on the
low-pressure side of the solid membrane @Seere 1). The hydration water within the three pores does

not showmarked differences as the simulations progress. Outside of theoperavall was artificially
constructed using helium atoms, to separate a feed phase on the left side of the pore from the permeate
phase on the right side of the pore. This wall was napgsecause of the periodicity of the simulation

box along the X direction. Thieelium atoms interact only weakly with other molecules in the system,
guaranteeing that the wall does not affect the results concerning the transport of fluids across.the pores
Methane was then inserted, randomly, on ldfé side of the pore, the feed region. The number of
methane molecules inserted was of 3000, 3700, and 4000 for the silica, MgO, and alumina systems,
respectively. Different amousbf methane were necessary to drive methane through these membranes at
a similar flux. In other words, instead of imposing equal pressuresdmphe three systems simulated,

we opted for changing the pressure drop so asckieve an almost equal methane flux for the three
systems simulated’he feed region is built of equal volume for silica, MgO and alumina systems. The
pressures in the feed regions were calculated using theRdoiigson equation of states using the
molecular density of pure methane as inpul\s the simulations progress, methane molecules transport
through the watefilled pore from the feed to the permeate phase. To evaluate the membrane performance
by the approacht a constant pressure gradiémte carried out the following actions: eye80ns remove

every molecule that has entered the permeate phase and add an equal number of molecules to the feed



phase, thus we ensure that the pressure gradient is kept constant during the simulations. The number of
molecules in the membrane and the namdf molecules that passes to the permeate phase are monitored
against time to obtain the flux across the membrane.

Algorithms. The MD simulations were conducted using the package GROM&&ESimulationswere
performed in the canonical ensemble (NVT), whererthwaber of particles (N), the simulation volume

(V), and the temperature (T) are kept constant. The simulated temperature was maintained at 300 K by a
NoseHoover thermostat® with a relaxation timeof 100 fs. The equations of motion were solved by
implementing the leapfrog algoritifwith 1.0 fs time steps. The total simulation time was 600 ns for
each system.

Data analysis The results have been analyzed taking advantage of numerous recent computational
advancementt® calculatemembrane permeability, diffusion, free energy profiles, solvationdneegy,
andmean first passage timBIEPT) profiles

Membrane permeabilityWe calculate the mole flux of gas transfdytacross three different poras:

L
L y|rT7y‘ ’ (1)

where 0QJ/ 1 is the slope of the fitted straight line fonmulative number of methane molecules in the
permeate regiofQ) as a function of tim¢ andA is the crossectional area available for gas penetration
perpendicular to the direction of diffusi6hWe canapproximatethe observednethane permeabilitfK)

by the simple formul4t

: (2)
wherep; is the applied pressure in the feed phasé zero according to therotocol we implementedt
constant pressure gradient, drislthe length of pore in the X direction.

Transport diffusionWe calculate the transport diffusion from the time lag defined as the intercept of the

extrapolated linear part d: on the time axis. This type of time lag analysis was first proposed by

Dayned! and then refined by Barf®r and is widely used experimentally to obtairansport



diffusivities** The approdt cannot distinguish between the transport mechanisms that occur in the pore.

Thetransportiffusion coefficient of methane is related to the time lag via a simple expréssion

T« 1 (3)

wheregis the time lag

Seltdiffusion Three simulations were carried out for computing the planamdgéikivity of methane
inside three2D periodically infinite hydrated pores under equilibrium MD simulations for 25 ns. The
systems were built with water molecules filling thlit pore Ten methane moleculewere inserted
randomlyinside the pore. Thenean square displacemeM$D) approach was used for seliffusion

calculations and the sdififfusion coefficientDsis calculated with the Einstein relatiétf®

Ty _i,:ai$7><> sO 1 (4)

<
whereri(t) is the position of molecule at the timet, d is the dimensionality of the systenand& &
denotes ensemble average.

Free energy profilesTo construct the potential of mean for(@MF) calculated for one methane

molecule moving across the hydrated gonee implemented the umbrella sampladgorithm?64” The
methane molecule was forced to remain at a given position through the hydrated pore in the X direction
using harmonic springs of elastic constant 3000 kJ/mél.Ror each pore, 80 independent siniala

were conducted, imposing that the equilibrium position changes by 0.1 nm from one simulation to
another. At any given position the simulation was conducted for up to 8 ns, during which time the
histogram representing the position of the molecule vétpect to the pore entrance was populéted.

The WHAM algorithm was then used to reconstruct the potential of mean force from combining the
histograms obtained at various locatiéhs.

Solvation free enrgy. Initially, we quantify water density fluctuatiemy calculatingthe probability of

observingN moleculeswithin a small spherical observation volumef radiusr = 3.31 located at the

center of the hydrated pores. The probabilities are calcluaatd



4 @d, 40 Qi Wad <« 1 | (5)

This distribution is related to the solvation free energy for an ideal hydrophobe through the*felation

o -1k , (6)
whereDm is the solvation freeenergyaid s one over temperature ti mes
MEPT. Assuming that the dynamics of methaaes strictly Markovian accordingto the theory of

stochastic processethe mean first passage timdEPT) for first reaching a target distance when

starting off fromx, is given by%°?

VI_QFD< ] o.. .ﬂﬂ- : .>-. - nqe , (7)

o re ~e
wherex: denotes the position afreflective boundary.

Statistics for MFPTwhich describe the time scale for the methane moving from the center pbrs to

the outside of the porgare obtained based on a series of #e@pendenMD simulationruns for the
system containing watdilling the pores and one methane molecule at the center of the simulation box
constrainedin the Y-Z plane (~ 8000 n®f total simulation timg Results are showhelow for the
hydrated silica pores. Eadfithe 400runsis started with random initial atomic velocities. Af&0 psof
equilibration, the methane molecule at the center is allowed to move freely onlytladoiXgdirection

until it reaches eithet = -14.981 orx= 63.02i .

By differentiatingEq. (7)we are able tmbtain the locaself-diffusion profile D(x) from the PMF profiles

andMD-derivedMFPT ;5152

ks o) .
T® gepree om’ : (8)
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Figure 1. Representative simulation snapshots of the initial configurations for methane transport through the silica (top panel),
MgO (middle panel) and alumina (bottom panel) narrow pores saturated with water. Gray, red, white, cyan, yellow, tan, and
green sphere®present helium, oxygen, hydrogen, methane, silicon, magnesium, and aluminum atoms, resféatively.
pressure drop across the membranes is maintained constant following the procedure deddaitegidlis and Methods

Results

Transport behavior

In Figure 1 we represent the three substrates considered for this stutigble 1 we report the transport
properties obtained for methane through the three hydrated pores. The results show that the methane flux
across the three hydrated pores is similahoaigh the pressure drop is rather different in the three cases.
The resultant permeability changes by a factor of 2 in the three substrates. For comparison, we calculated
the permeability of methane through the same pores considered in Table 1, butatéres not present

The results, reported Bupporting Informationshow that the permeability of methane through the pores

is much largerby about4 ordess of magnitudewhen the pores are not full of waté@hose results also

show that the permeabilits the highest through the ADs pores and the smallest through the Si0res,

which is the opposite trermbmpared tdhe resultobtained for the hydrated poréhis suggests that the



presence of hydration water dramatically changes the transppdrpes of molecules present as guests

in thewaterfilled pores

Table 1. Transport propertie®or methanemolecules througharrow poresaturatedvith water

Membrane Transport Diffusion
Material PressureDrop Flux Permeability C%efficient
P (MPa) J (mol/m?s) K3 1¢° D2 101 (m?s)
(molm/m?sMPa) '
Silica 722° 0.2 72.4° 15 52°01 78° 05
Magnesium o o o o
Oxide 1202° 0.3 69.6° 1.6 31°01 59°0.2
Alumina 1731° 0.3 729° 1.5 2.0° 01 4.00 0.7

To quantify the effects just summarizedg calculated thé&ee energy profile for one methane molecule

as it is forced to traverse the three hydrated pores while maintaining its lateral coorbnatasin the

center of the hydrated pores. Témrespondingpotential of mean force (PMF) profiles, as can be seen in
Figure 2A, exhibit pronounced oscillations, with minina the free energy that correspond to positions

in which fewer water molecules are found on average, and madmespondingo locations ofhigh
molecular water density. The minima obtained in the case of the hydrated silica pores are characterized by
lower free energy than in the bulk, confirming that methane is favorably attracted inside hydrated silica
pores. The same was not observed fethane in hydrated MgO or alumina poréhese results are
consistent with th@redictionthat methane is preferentialdsorbedn the silica pore filled by water, as

we reported previoush?
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Figure 2. (A) Potential of mean force along the X direction as experienced by one methane molecule moving across the hydrated
pores (bottom) and surface density distributions of water oxygen atoms within the first hydration layer within eachesf the th
pores.(B) Densty distributions of watewater hydorgen bond$iBs) foundin two slaks (y-z plane)at the locatios
corresponding to the positisof one representative barri@) and well(b) in thepotential of mean force profiles shown in (A).
The gay sphere represts theconstrainednethane moleculd&esults were obtained for silica (left panel), MgO (middle panel)

and alumina (right panel) pores. Atonaicdhydrogen bondlensities are expressed inl £

The data inFigure 2A are complementary to additional characterization data for hydration water in the
three pores considered here, in particthain-plane density distributions of water oxygen atoms found
in layersparallel to theX T Z planeat severalocations along th& directionwithin the three poresVe

reported these data elsewh&rand we also quantified density fluctuatidos water confined in the three
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pores!® Those resultslemonstratethat the formation omolecularcavitieswithin the hydration wateis
more likely to occumithin the hydrated silica poreompared tahe other two system$Ve proposed the
possibility that metlane can adsorb in such cavitiés Figure 2B we show thatwhen one methane
molecule isadsorbedn a positioncorrespondingo a free energy maximuga) it tends to distort the local
structureof waterwater hydrogen bondsve usedhe geometrical criterioproposed by Martio identify
one hydrogen bondf.When methane is fouhin afree energyminimum (b) lower thanthe bulk free

energy (attractive adsorption site) the disruption of watger hydrogen bondsppears to bminimal.

Self-diffusion of methane

The results just discussetkelp understandvhy methane is preferentially adsorbed within the hydrated
silica pores,but they do not clarify why the transport properties reported in Table 1 are strongly
dependent on the solid substrai®. further understand the simulated systems we calculatecklhe s
diffusion coefficients for methane molecules at infinite dilution within the three hydrated pores. In these
simulations the pores were modeled as infinite along the X and Y directions (hence the external driving
force to molecular transport was absefit)e results are shown in TableThe selfdiffusion coefficients
obtained for methane in the confined systemsOéi®r lesscompared tahose obtained for methane in
bulk water at similar conditions-(19 3 10%° m?%s)5* This suggests that the waltdered structure of
confined water imders methane diffusigrby a mechanism that will be discussed in ddiaelbw. We

found a higher selfdiffusion coefficient in the hydrated silica pore than in the other two systems,
reflecting the differences in the free energy resdiksussed abovélowever, while theneight offree
energy barriers encountered by methane inhgftratedMgO and alumingores aresimilar (~1.06 and

~1.05 kcal/mol, respectively the selfdiffusion coefficientfor methanein the hydrated MgO pores

larger. This suggds the possibility that methane molecules do not necessarily diffuse along a straight
trajectory through the hydrated poregyossibly becausevater density fluctuationpromote irregular

trajectories for methane to diffuse through the hydrated pores.
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Table 2. Self-diffusion coefficient of one methamaolecule within the three pores, within periodic boundary

conditions in the two planar directiorsgturated with water.

Self-Diffusion
Material Coefficient

Ds3 101 (m?%s)
Silica 7.82° 0.13
Magnesium Oxide 5.51° 0.08
Alumina 3.26° 0.05

Solvation behavior

The analysis suggests that methane mole@resuntea dynamically evolving environment, rather than

a static ongwhen adsorbed within the hydrated porEsquantifythis we followedLimmer et al*®, who
proposed an algorithm to quantify the solvation free eniergyateras a timedependenproperty Figure

3 displaysthe spatially resolvettee energy distribution as experienced by a Ispttereof radius3.31 .

The free energy chang@m, is shownas a function of positiowithin a40340 2&ection within theX 1

Y planeof the simulation box. The calculations are conducted at the center of the hydrated pores and the
results are averaged over 10 ns of simulatiom an initial surface configuration. The results confirm

that the environmergrovidesa dynamicallychangng heterogeneous solvation structufe quantify he

time scale of the dynamic fluctuations in solvatise compute th@utcecorrelation functionC(t)/C(0),

with C(t) = Om({x.y}, t; %) - a0md%d where the first term is the solvation free energixs) averaged
overthe observation time from x,, andthe second term is the average solvation free energy. The results
(shown inSupporting Informationsuggest thaa uniform solvation free energy distribution would be
achieved should the averageséxendedo ~ 10 nsfor all three poresTheseresults are qualitatively
consistent with the observations reported Uigjnmer et al'® for liquid water in contact with metal
surfaceslt is importantto point out thatthe local solvationfree energy distributiofFigure 3) does not
reflectthe atomic structure of the top layer of the solid surfgceported in details in Reflfl]), nor the

molecularstructure of first or second hydration layers (middle aght panels inFigure 3). It instead

13



reflectsthe coupling between hydrog&onding defect structures of thiest hydration layer and the

subsequent hydration layees suggested by Limmer et*al.
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Figure 3. In-plane distributiorof free energy of solvatiofliom within athe403 401 2 sectionalong the Xi Y plane at the center
of the hydrategbores(left). In-plane density distributiorfer water oxygen in the firstifiddle) and second (right) hydration
layers formed on the pore surfaces. Results are obtained for A)iddgO B) and alumiaC) pores.Solvation free energies are

expressed in kcahol anddensities are expressed i 1/
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Figure 4. In-plane solvatioriree energyistributiors overlapped with traject@sof one representativ@methanenolecule.
Results are obtainddr hydratedsilica top panet), MgO (middle) and alumina6ttom) pores Regions of favorable and
unfavorable solvatiomweredetermined by averaging ov2t0Q 2102.5 and2115ps for silica, 2305 2315, an®320ps for
MgO, and17426 17503, and 17526s for alumina systemdlack dashed, white solicand grey dashed linespresent the

trajectories of methane for the netiservation timgfrom the previous to the current and for the past observation time.

The heterogeneous distribution of the free energy of solvaimwn in Figure 3 reinforces the

possibility that averaged information such as fhee energy profile®f Figure 2A is not sufficient to
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describe the molecular phenomena involved with the transport of methane across the hydrated pores. In
fact, it is possible that local maxima and minima in the feeergy landscape fluctuatgth the local
water density fluctuationg.hus it is possible that the preferential path followed by methane molecules as
they transport across the hydrated pores change dynamically oveT tiragsess this possibilitiFigure

4 showsthe trajectories of representatinethananoleculeswithin the hydrated poresuperimposedon
the evolution of solvation free ener¢8FE) distributionsobtained at different observation timésis
worth pointing outthat the SFHlistributions changas the simulation progresses (1 ns <t < 1Quitin
each of the three pores considedadaddition, thdocations occupied or traversed mmgthane molecules
generally show lower SFE because the presence of methane precludes rtemynebacules from
occupying those regions as weéllethanetrajectoriesare reportedt various observation times together
with the SFE map averaged over 2100 ps (top 1ef§1025 ps (top middle), and 2115 pwy right)
simulation fragments from an irat configuration for silicapver 2305 psrfiddleleft), 2315 ps rhiddle
middle) and 2320 psniiddle right) for MgG, and 17426 psbpttom left), 17501 ps lfottom middle),
17526 ps Ifottomright) for alumina Visual inspection of theesults inFigure 4 suggests that methane
molecules travel larger distances when they enterdemsity SFEregions while theyremainfor longer
times nearhigh-density SFE locationsvhere perhaps they are trapped, waitinggdahange irdensity
fluctuation to open up pasde diffusion pathwaysMethane moleculegenerallyavoid high-density SFE
regions resulting invibratory movementwhenthey are confined irelatively stable positionsurrounded
by highdensity SFE The resultant diffusion follows hopping events (some of which are staswvn
Supporting Informatiopfrom one favorable location to anothdrappears thawhile the SFE distribution
affects methane diffusiorthe vice versa is also true, with thmotion of methane molecules inside the

pores saturated with wateausingthe evolution ofSFEdistributiors over time

Transport of gas mixtures

Because of the hogfuest coupling between gas molecules and hydration water, it is likely that the

transport behavioof various molecules through hydrated narrow pores will depend strongly on the
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properties of the interactions between the individual gas molecules and hydration water, possibly
mediated via the constraints due to the solid substrate. To begin the gaplafathese effects we
conducted nofequilibrium simulations for the transport of gaseous mixtures through the three hydrated
pores.In Figure 5 we reportboth the schematics for the simulated systemgtandumulative amount of

gas collected inhe permeate phase versus tiimethe hydrated silica (left), MgO (middle), and alumina
(right) poresin all cases, the methane : ethaneS lrholar compositioim the feedwas of 8 : 1.5 : 0.5.

The results of gas flesare determined by the slopetbe fitted straight ling(steady state)Combining

the gas flux and the pressure di@iso shown inFigure 5) we obtain the permeability of methane,
ethane and HS using Eq (2). The results showhat HS permeates much more stronghe three
hydratedporesthanthe other two componentshe H.S/methane and the.H/ethaneselectivily, defined

by the ratio of the permeabitis, we obtain:~31 and ~112or hydrated silica~66 and ~56or hydrated

MgO, and~87 and~59for hydrated alumina pores, respectively.

Figure 5. Top: Snapshots representing the simuladgstemsBottom: Cumulative number of gas molecul&g)(in the

permeate region as a function of tifResults are obtained for gas moving across the hydrated silicahl(eftatedVigO
(middle), andhydratedalumina pores (right)Thetotal number ofgasmoleculednitially inserted in the three simulated systems
was 30003400, and 800 for the silicaMgO, andaluminasystems, respectivelin all casesthe methane ethane H2S molar

composition was 08 : 1.5: 0.5. The gas flux is determined by the slope of the fitted straigt (bleck dashed lirs.
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