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1. Abstract

Over the last decade, molecular simulations and experiments have shown that nanoporous atomically-thin
membranes (NATMs) have the potential for high-permeance, high-selectivity separations, including
seawater desalination. Realistic NATMs contain polydisperse pore sizes that could impede their
performance, as large pores lead to salt leakage. This paper computationally examines the effect of pore
size distributions (PSDs) on the desalination performance of the selective layer of NATMs by reverse
osmosis (RO), considering size exclusion as the dominant selection mechanism. Analogous to thin-film
composite RO membranes, the finite width of PSDs leads to a trade-off between water permeability and
water/salt selectivity in NATMs. Tight PSDs with average pore sizes slightly below the size of the salt are
needed to ensure high selectivity comparable to TFC membranes with high water permeance. Sealing of
large, salt-permeable pores (e.g. by interfacial polymerization) limits salt leakage but substantially reduces
water permeance. Introducing energy barriers that impede salt permeation by tuning nanopore structure and
chemistry can make NATMs more robust to wider PSDs. In summary, some combination of control of
PSDs, leakage mitigation, and pore functionalization is essential for NATMs to surpass the
permeability/selectivity trade-off of polymeric RO membranes and achieve high water permeance with
good salt rejection.
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2. Introduction

As water stress exacerbates due to climate change and population growth, desalination has become an
attractive option to produce drinking water from an abundant source of water—the ocean—as well as other
sources of saline water to augment water supply and complement the suite of solutions necessary to address
the water crisis.' In its early days, desalination was achieved using thermal processes that evaporates the
feed water and collects the steam that is free of salt. These continue to exist in the forms of multi-stage flash
distillation or multiple-effect distillation with energy recovery incorporated to reduce energy consumption.’

However, today the majority of desalination is performed using reverse osmosis (RO) due to its cost-
effectiveness and high energy efficiency.? Today’s RO membranes are thin-film composite (TFC) polymer
membranes typically made out of a polyamide active/selective layer, formed via interfacial polymerization
of a diamine with a triacyl chloride, that blocks salt (at least to a great extent) and allows water to permeate
through.? The selective layer is typically situated on top of a porous polysulfone support that provides
mechanical strength, and the entire membrane is usually constructed as a spiral-wound module. Similar to
other polymeric membranes, RO membranes face the trade-off between water permeability (or permeance)
and water/salt selectivity, where permeability relates to how fast chemical species are able to pass through
the membrane which governs its throughput and energy efficiency, and selectivity relates to how good the
membrane is at rejecting salt. Typical water permeability for commercial seawater SWRO membranes is
~3.5m’m?Pa’'s" (1.3 L m?h'bar") with salt rejection of 99.6-99.8%, and empirical evidence suggests that,
with the same membrane material, it is difficult to raise water permeability without hurting selectivity,*
though active research is ongoing to push the permeability-selectivity upper bound via engineering ultra-
thin membranes and/or incorporation of composite materials.*”

The emergence of 2D materials such as graphene, MoS,, and hBN (hexagonal boron nitride) has opened up
the possibility to create nanoporous atomically-thin membranes (NATMs). With an active layer of just one
or a few atoms thick, they have potential as next-generation membranes that could push the upper bound
of the permeability/selectivity trade-off by being extremely thin and enabling precise pore creation.®”’
However, current RO membranes with energy recovery processes incorporated already perform close to
the thermodynamic limit in terms of specific energy consumption, and studies have shown that high
permeance membranes do not yield substantial energy efficiency gains (>20%) by increasing permeance
beyond ~5 L m~h'bar for seawater.'®"' Nevertheless, high-permeance membranes could result in capital
savings and allow for more compact membrane systems (e.g. lower pressure vessel requirements and
smaller membrane area if fouling is not an issue), which could be useful in off-grid/decentralized
applications, and also for the removal of chemical species from dilute streams such as in ultrapure water
production or brackish water desalination because of the large volume of liquid that can be processed.'® In
addition, because of its different separation mechanism compared to polymer membranes, 2D-membranes
could potentially improve water/solute selectivity, which is a critical need for water treatment applications,
especially in terms of rejecting small, neutral molecules.'" Finally, the chemical and mechanical stability
of 2D materials could enable these membranes to operate with harsh process streams or ultrahigh pressure
differences, or lend itself to better cleaning and fouling control.'*"?

While previous studies have shown the tremendous potential of graphene and other atomically-thin
materials as next-generation membrane materials in boosting permeance and selectivity, they usually focus
on a single pore size or a small sub-set of pore sizes in estimating performance, drawing from molecular
dynamics studies.*'*'® A few experimental studies have also explored the desalination performance of
nanoporous graphene composite membranes.”'”" Practical membranes, however, would have pore size
distributions (PSDs) resulting from the pore creation and growth processes that would potentially
compromise membrane performance via leakages through larger pores.'*?' How these PSDs affect
desalination performance in terms of water permeance and salt rejection is important to further
advancement of NATMs, but has not been systematically studied.



In this study, we use graphene as a model NATM to elucidate the transport behavior of water and salt
(sodium chloride, NaCl) by using models that consider viscous fluid flow and salt diffusion and convection.
Considering that the theoretical understanding of transport at the nanometer and subnanometer scale is still
an active area of research,">** our model aims to capture qualitatively (and approximately quantitatively)
the major, general behavior trends of NATM that arise at the practical scale using simplified models. This
study examines the feasibility of realizing water desalination using NATMs with various PSDs, accounting
for the effects of PSDs and leakage mitigation strategies on the membrane’s performance. Study results
could inform the design of future NATMs for water purification applications to address the growing demand
for clean water.

3. Model development

Traditional polymeric RO membranes are modeled using a solution-diffusion model, where water and salt
transport both occurs via diffusion driven by a concentration gradient.'' Recently, Wang et al. presented a
mechanistic solution-friction model that was able to capture the concentration and applied pressure-
dependent salt permeability with water transported by hydraulic pressure gradient and salt transported via
diffusion, advection, and electromigration.23 In contrast, ultra- and micro- filtration literature adopts a pore-
flow model that treats the polymer as a rigid, tortuous, porous network. A recent work by Hedge et al.
illustrates that the solution-diffusion and pore-flow models are consistent with each other and describe the
same phenomena, and provides a more extended fluid-solid model.** Here, we follow these previous works
to use our mechanistic understanding of graphene transport to write continuum equations that could help
us understand how realistically graphene membrane performs in desalination.

To make it easier to compare with traditional RO membranes, in addition to describing the flux behaviors,
we also adopt metrics from the solution-diffusion model, particularly the water permeability coefficient
(water permeance) A in L m”?h'bar”, and the salt permeability coefficient (permeance) B in L m?h' =
3.6x10° ms™, even though the transport mechanisms are different across nanoporous graphene. We use
subscripts w and s to indicate water and salt.

Similar to the solution-diffusion model, water flux J,, (volumetric flow rate per unit membrane area) is
given by:

Jw=A[0p — (1= ¢&4,)Am,] = A[Ap — (1 — &40)Ampelw/¥r] ()

where A = B, is the water permeance, Ap is the applied pressure difference, and ¢, is the fraction of
graphene water permeance that contributes to salt leakage. The exponential term relates the osmotic
pressure difference Am across the membrane m and across the bulk b to account for concentration
polarization on the feed side, where salt builds up at the membrane surface. Unlike the solution-diffusion
model for TFC membranes, there is an extra (1 - fg,w) term in front of A because osmotic pressure is
null for the freely permeable part of the membrane. Details of the model derivation is included in Appendix
Section 8.1. For membrane systems, salt concentration at the membrane surface on the feed side, ¢f 4, is
typically higher than the bulk feed side salt concentration c¢¢j, due to concentration polarization, with k¢
being the overall feed side mass transfer coefficient and ¢, being the salt concentration on the permeate
side:"!

Acy,  Crm—Cp  Amy _ oIwlks

Acy, ¢rp—cp Amy,

Crm = Crpew/’r — cp(eM/*r — 1) = (cpp — cp)e/w/*r + ¢,

Here, the equations are written for the more generalized case in the presence of concentration polarization.
Our simulation in the main text, however, does not consider concentration polarization in order to focus on
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the behavior of the nanoporous atomically-thin layer itself, as explained later in Section 3.1. The effects of
concentration polarization are modeled and discussed in the Appendix Section 8.5.

The van’t Hoff equation relates the osmotic pressure m and salt concentration c:

= icRgT ()

with van’t Hoff factor i = 2 for sodium chloride. R; and T are the ideal gas constant and temperature
respectively.

3.1 Model for water and salt transport

The NATM of interest is made of a single-layer of nanoporous graphene on top of a porous support layer.
The model is applicable to any NATM whose transport can be estimated using continuum equations, except
when we consider energy barrier to salt transport across the pores in Section 3.4, where, while the energy
parameters are specific to nanopore’s structure and material, the framework is still generalizable. We use a
resistance-in-series model to describe the graphene NATM permeance. Assuming there are only
intentionally-created largely selective pores and no defects or tears on the graphene, we can write the overall
membrane water permeance, which feeds into eq. (1), as:
-1 -1
A=Ph, = [(d)spg}?g‘?;Rw) + Ps;%)p,w] )

where p, is the number density of nanopores (per unit area), P;;RW is the water permeance over the
graphene nanopores defined below, and Py, 1s the water permeance of the support. ¢ is the areal

porosity of the surface of the support, and our model assumes that only the fraction ¢¢ of graphene that is
suspended on the support pores conducts water and salt. All symbols are listed in the glossary.

Unlike water transport, the total salt flux, J;, can be approximated as the sum of contributions from two
mechanisms—convection and diffusion,” assuming the hydrated ion radius R = 3.58 A of Na" governs size
exclusion (chlorine’s hydrated ion radius is similar at 3.32A)" and neglecting any
electrostatic/electrokinetic interactions:

Is =]WCp =]s,conv +]s,diff

¢sp Pt%
]s,conv = \7\/>Rcf,m = fg,wpw [Ap + (1 - Eg,w)Aﬂm (%)] Crm “

supp,w

Jsairr = Pairr(crm — ¢p)

Here, J cony is the convective salt flux, J&~® is the water flux through pores larger than the salt, and J 4; ff

is the salt flux by diffusion. The diffusive permeance is given by:

Pairr = [(ff’sl)g}fq‘?}z)_l + Ps?qlap,s]_l )
Eq. (4) can be compared to the salt flux in the solution-diffusion model, which assumes that diffusion is the
main driving force:
Js = BAcy, (6)
where B is the salt permeance.

As salt transport can be dominated by convection in the case of NATMs, we define an overall effective salt
permeance P; using the feed side concentration instead of the concentration difference to normalize the salt
flux given that in most cases the feed side concentration is constant, whereas the permeate side
concentration would be a function of the driving force Ap:
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—Js _ _ PsPgPGW\|etm 4 p o (hm ) sk
R=-= [5g,WPW [Ap + (1 —&5w)Amn ( p )| e T P (L o) e (7)
Defining P this way is analogous to B in the solution-diffusion model in eq. (6) and enables comparison
of salt leakage across different membrane types.

To keep the problem tractable and generalizable, the water and salt permeances across the nanoporous
graphene layer are estimated by assuming that (1) access resistance dominates the overall transport
resistance (i.e. infinitely-thin membranes with no channel resistance; fluid transport can be modeled using
Sampson flow as an approximation; see Appendix Section 8.2 for details), (2) nanopores have negligible
activation barrier for species translocation—only size exclusion affects transport (Section 3.4 relaxes this
assumption by considering the effect of energy barrier) and could be described by continuum equations, i.e.
single-pore permeance of F ,, (a) = a3 /3u for water flow and P, s(a) = 2D(a — R) for salt diffusion, (3)
the pores are circular and follow a pore size distribution (PSD) f(a) where a is the radius of the pore (i.e.
neglecting the jaggedness of the pores; alternatively “effective radius/diameters” could be used as is
common in graphene literature),'**'**?* and (4) each pore’s transport can be treated independently such
that there are no interactions between adjacent pores:

P = fRO:)V Pyw(@)f(a) da = i th @ f(a) da ®)
PR = Jy Bw(@f (@) da = - [" a*f(a) da ©
PR = [ Pys(@)f(a) da=2D [ (a — R)f(a) da (10)

The fraction of graphene water permeance that contributes to salt leakage by convection is determined by
taking the ratio between graphene water permeance for pores larger than the salt and overall graphene water
permeance:

— T 1, R>R (11)

Eg,w - P;;,RW ’ w

Here, as an approximation, we first assume size exclusion of the hydrated ion is the sole mechanism
impeding salt transport, since that is cited to be the major contributor for ion rejection in nanoporous
graphene membranes.'® We neglect any interactions between the salt ion and the pore and the possibility of
ion dehydration,*? so as to focus on the effect of pore sizes on water and salt transport while keeping the
problem tractable. Taking the hydration shell as a first approximation for the ion size is not unreasonable
since the hydration free energy for Na', -411 kI mol™! ~-166 kzTat 298 K, is significantly higher in
magnitude than the thermal energy kT, where kj is the Boltzmann constant and T is the temperature.*
Although partial dehydration, i.e., shedding the first water molecule out of the average 5-6 water molecules
in the first hydration shell of Na', requires substantially less energy than removing successive water
molecules, the interaction energy between Na” and the oxygen atom in the water molecule is ~ -80 kJ mol
'~ 32 kgT at 298 K, which is quite high in magnitude,** suggesting that dehydration is likely not one of
the primary mechanisms governing ion transport through nanopores, except in cases where the pores are
smaller than the hydration size of the ion, at which point the ion transport rate would be significantly
lower.** Nonetheless, we acknowledge that ions can pass through pores smaller than their hydrated ion
radius, albeit at a low rate, and graphene pore edges could stabilize the partially dehydrated ion; however,
the exact relationship between dehydration energy, pore size, pore chemistry, number of water removed,
and ion type are not well known, with different MD studies giving varying energy values.'®***¢ These
effects could be incorporated into our model as the literature’s understanding grows.

The access permeances predicted by the continuum models might differ somewhat from real permeances
due to non-zero slip lengths and viscosity changes for nanometer and subnanometer pores of NATMs.?’
Nonetheless, based on molecular simulations, the difference is not more than an order of magnitude (e.g.,
~5x for slip length of 1.5 nm),*” and the insights drawn from using access resistance models should still
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hold. Using continuum models enables rapid assessments of graphene performance, particularly with
various pore sizes, without the need for computationally intensive molecule-level simulations.”® Our
framework can also be extended to other distributions (e.g. bimodal), pore shapes, or corrected for pore
interactions with more accurate transport models, since the presence of functional groups could affect pore
geometry, charge density, and friction experienced in the pore environment and thus affect water and salt
transport—these effects require more extensive study beyond the scope of this paper,”’ ™ and the results
will not be as generalizable. The electrostatic effects of these groups are considered in the energy barrier
model presented in Section 3.4.

If f(a) is lognormal (which is a reasonable approximation of pores created via some top-down methods
e.g. focused ion beam, oxidative etching)'®'***4'™* with mean and standard deviation in log-space m and
s (median: e™; sce Appendix Section 8.3 for more details on the use of lognormal curves to describe PSDs
of experimentally fabricated membranes in literature), then analytical expressions can be written for the
integrals in eq. (8)-(10):

a>R _ 1 _3m+9s2/2 InR—(m+3s%) 12

fow™ =5.¢ erfe [+ (12)

a>R _ m+s2/2 In R—(m+s?) _ InR-m 13
Bs™ =D (e erfc [—\/Es ] R erfc [—ﬁs D (13)

3.2 Model parameters and solution

To focus our attention on the performance of the porous graphene layer itself, we impose a somewhat
practical yet idealized support with low resistance to transport, with a constant and high water permeance
Payppw ~ 10* Lm h'bar” (= ¢sa2/(8uLs)), a constant and very high sodium chloride diffusive
permeance Pyypp s ~ 1073 ms"' (= ¢;D/Lg), and porosity ¢ = 0.5, without considering any specific
membrane structure to isolate defects or maximize water permeance. A support with high water permeance
would lead to low overall water/salt selectivity if the selective layer is leaky. However, the effect of support
structure and resistance has been studied elsewhere,**® and a high support permeance to water allows us
to elucidate the properties of the selective nanoporous graphene layer largely independent of the support.
Similarly, we neglect concentration polarization to focus on the intrinsic properties of the nanoporous
graphene selective layer independent of external flow parameters. In all cases, the feed salt concentration
was assumed to be 0.6 M NaCl, and the pressure difference across the membrane was held constant at Ap
= 55.15 bar. Table 1 summarizes the parameters used in the simulation.

In the absence of concentration polarization, we can substitute ¢f, = ¢f, = ¢ into the salt balance in
eq. (4), which yields:

Jw ¢ngRgt.3vt 14
Jwep = EgwPulp |1+ (1 ~ 27 ) b ¢r + Paisr(cr — cp) (14)
Phy supp,w

Substituting in the expressions for ¢,(J,,) by rearranging eq. (1) and 7 from eq. (2) gives a single
expression where J,,, could be found by taking the ‘+’ root of a quadratic equation. The water flux J,,, is then
used to calculate the permeate concentration ¢, using the rearranged eq. (1)-(2), the convective, diffusive,
total salt fluxes /s conv» Js,aiff» Js using eq. (4), and the overall effective salt permeance P using eq. (7),
given the water and diffusive salt permeances P,,, B4”R, and Py; £ wWhich can be determined independent
of J, or ¢, as a function of the PSD parameters m and s. Details on the derivation is presented in Appendix
Section 8.1.

The rejection by the membrane is given by:



Cp .
R=1--L2=1-¢ (15)
Cfb L4

Table 1. Key variables and parameters in the desalination model.

Type Parameter Value Description
ag 20 nm Pore radius
Support Lg 1 um Effective thickness (including tortuosity)
Os 0.50 Porosity
m In(0.05-0.5 [nm]) In(median pore radius) of graphene
Graphene s 0-1.2 Standard deviation in log-space of PSD
Py 10" m? Graphene pore density
D 1.62 x 10° m?s™"  Sodium chloride NaCl diffusivity*
R 3.58 A Hydration radius of Na*"?
Constants R 0839 A Radius of the smallest cross-section area for
w water ~(0.73 + 0.64) cos(52.237°)
T 298 K Temperature
u 8.9x10*Pas! Water viscosity
Cr b 0.60 M NaCl bulk feed concentration (seawater)''
Operation
Ap 55.15 bar Applied pressure'’

3.3 Pore sealing

To further improve salt rejection and selectivity for water over salt, one can control the nanopore size
distributions by completely sealing pores with radii above a cut-off, R4y, €.g. through interfacial
polymerization, atomic layer deposition (ALD), crosslinking, etc.'”?**| to block off flow through large
pores that contribute to salt leakages.

We assume complete sealing of pores of @ > R4y, such that no water or salt can pass through those pores.
The water and salt permeances in eq. (8)-(10) are then given by:

Rcap 1 Rcap
Ry—R¢q 3
Fow "= J Fyw(a)f(a) da = — a’f(a) da (16)
' Ry 3 Jr,
N Rcap 1 Rcap
Py P = J Pyw(@)f(a) da = — J @3f(a) da (17)
' R 31 Jg

RCG.

T P 18
e = [ @@ da=20 [ T @-pr@ do 19)

R R

The rest of the equations follow as before. We examined R, values right below (0.3, 0.35 nm) and above
(1.01R, 1.2R) the salt size, R = 0.358 nm.



3.4 Energy barrier for salt transport

In the previous sections, we considered size exclusion as the sole mechanism for salt rejection.”® We
assumed that, unlike polymeric membranes or membranes with long channels, ion “solvation” into the
graphene pore will be minimal because of its extreme thinness.* Here, we generalize the ion transport
process to allow for the presence of energy barriers, where salt transport across the graphene pore can be
treated as an Arrhenius-type, activated transport process overcoming an energy barrier, E,, with E,
attributed to the interaction of the ion with the pore and the change in solvation environment around the ion
due to the pore.*’ To examine the effect of such an energy barrier, which is likely to be dependent on pore
size, we assume that there exists a type of barrier that only affects salt but not water. While we acknowledge
that such a perfectly-selective energy barrier is unlikely to exist in real life—since realistically the transport
of water and salt molecules for these small pores would both be affected by the presence of any functional
groups on the pore edges—such an assumption enables us to estimate the upper bound of permselectivity
that could be possible to achieve with the introduction of energy barriers, while keeping the model
generalizable across pore types and sizes. As an approximation, we adjust the rates of salt transport equally
for convection and diffusion by the same exponential factor:

PSR = PR exp (— i“T@Tl)) , PSR = PR exp (— E}(“T?) (19)

where kj is the Boltzmann constant and T is the temperature. These pore size-dependent permeances can
be integrated across the pore size distribution f(a) to yield the overall graphene permeances for salt as in
eq. (9)-(10).
Following the literature,'%3%*>°°2 the energy barrier faced by the salt ion can be approximated by the sum
of van der Waals (Lennard-Jones, E| ), electrostatic (Egs), and dielectric exclusion components (Epg could
include Born energy Epg porn and image forces E DE,im).53 If we assume that the van der Waals radius is
already accounted for in defining the pore size, we can neglect the Lennard-Jones energy term Ej ;. Thus,
we have:

Eq = Egs + Epg (20)

We assume an electrostatic potential Erg that is governed by the charges of the pore edge atoms and the
ion, z; and z;, respectively, the atom-ion distance of kgg;; a that is on the order of a, and the relativity
permittivity inside the pore &,. The dielectric Born energy Epg porn considers the change in permittivity
between the bulk and the pore, with the pore cavity size kg, @ that is also on the order of a. The dielectric
image force energy Epg im results from the dielectric mismatch between the confined electrolyte &, and the

membrane material (graphene) g, that leads to repulsive surface polarization. Thus, we have:

2

e ZiZj

Egs =
drregey(a) - kgsija

ez 77 1 1
E ~ L - (21)
DEBo™ ™ 8reo kKpornd <ep (@) 5W>

2 2

i h (eg, & (a))

8regey(a) a

e
Epgim =

where the Coulomb constant is 1/(4mey) = 14.4eV A e with g, as the vacuum permittivity. At 25°C, the
thermal energy is kzT = 0.0257 ¢V (= 2.48 kJ mol' = 0.59 kcal mol™") and the relative permittivity
(dielectric constant) for bulk water is &,, = 78.2.>* e is the charge of an electron. h is a function that depends
on the pore geometry and the dielectrics of the confined electrolyte and membrane material.



As a first approximation, we have assumed that the energy barrier E;(a) scales as a~! since the

electrostatic potential Egg, dielectric Born energy Epg porn, and dielectric image force energy Epg ;, are
all assumed to be proportional to the inverse of the pore radius a for ultra-thin membranes. Such an
approximation is necessary because the precise water structure around and within the graphene nanopores
and the charge screening/interactions have not been studied across a wide array of pores. We therefore lump
all of these energy contributions into a single parameter kg to focus on the effect of the energy barrier size
(eq. (21)), assuming a reasonable relationship between energy barrier and pore size while acknowledging
the heterogeneity in real systems. We can thus write:

Ea(a)z< 02 ) Lke _ oo ke o)

kgT 4megey, kBTz a [A] T=298 K

We vary kg over a realistically expected range of values of 0, 1, and 10 to investigate the effect of the size
of the energy barrier on salt transport, where kz = 0 corresponds to the case where there is no energy barrier
impeding transport. These energy barriers match closely in magnitude with those observed in molecular
dynamics simulations for monovalent salt ions in nanopores/nanoslits (see Appendix Section 8.4, Figure
AS5).* Physically, kg can be affected by the net number of ion-pore atom interactions weighted by charges
(e.g. through functional groups at the pore), the geometry of the pore, the change in permittivity within the
pore due to nano-confinement that affects the fluid structure and charge screening (e,/¢,, ~ 2 for a silica
cylindrical nanopore with a 6 A radius), the ratio of membrane material (graphene) to bulk permittivity
ew/€g ~ 10), etc.*¥3% However, a molecular dynamics study for KCI transport across sub-5nm
graphene nanopores indicated that, unlike conventional nanofiltration membranes, size exclusion is still the
dominant factor governing transport across graphene nanopores and not dielectric exclusion, likely because
of graphene’s thinness which reduces its ability to affect the dielectric environment.'®

4. Results and discussion

Practically, nearly all methods to fabricate NATMs result in membranes that contain a pore size distribution
(PSD) which governs the transport of chemical species across them. Considering lognormal PSDs defined
by mean and standard deviation in log-space of m and s, respectively, as described above, PSDs with larger
median pore radii e™ have higher water and salt (convective and diffusive) permeances and thus higher
fluxes, since the access permeance of water flow and salt diffusive scales as a® and a, where a is the pore
radius (eq. (8)-(10)). Even for the same e™, the permeances increases as pore sizes spread out more (larger
s) because the larger pores at the right tail end of the PSD contribute more to the transport (Figure 1a-b,d-
e). The permeances reach a plateau at high s as the graphene permeances approach the support permeance,
such that graphene is no longer the dominant resistance in the resistance-in-series model. The low salt
permeation for PSDs with median e™ < R = 3.58 A is due to size exclusion, where most of the pores in
the PSDs are still smaller than the salt ion, so salt cannot pass through the membrane (a-c,e). PSDs with
median pore sizes larger than the size of the salt (e™ =4, 5 A > R = 3.58 A) reject almost no salt (cp/cp~1)
as convection drives salt transport through most of the pores. The contribution of diffusion to salt transport
is increasingly dominant at small s, as the pores at the larger end of the PSD start to allow salt to diffuse
through when the water velocity is still relatively low (). It then decreases at larger s as ¢, approaches c¢,
and thus the concentration gradient, which is the driving force for diffusion, drops to zero and salt transport
is dominated by convection.
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Figure 1. Effect of log-space standard deviation of lognormal PSDs, s (x-axis), and median pore
radii e™ (denoted by different colors), on water and salt transport across the membrane. (a) Water
permeance P,, (solid lines) and water permeance for pores larger than the salt B3R (dot-dash lines).
(b) Diffusive salt permeance Py;rr. (¢) Permeate salt concentration normalized by the feed

concentration &, = ¢, /cy. (d) Water flux, J,,. (e) Overall effective salt permeance, P; = Js/cf. (f)
Diffusive fraction of the total salt flux Jq;r7//s.

Unlike membranes governed by the solution-diffusion mechanism where salt transport occurs mostly
through diffusion and thus an increase in water flux dilutes the permeate stream,'! because of convection-
driven salt transport in NATMs, the permeate actually becomes more concentrated when the increase in
water flux arises from pores larger than the hydrated ion size. The resultant adverse impact on membrane
performance at large s can be seen in Figure 2, which plots the phase portraits of the membrane
performance, with salt-related parameters on the vertical axes and water permeance on the horizontal axis.
These diagrams enable us to visualize the relationship between water permeance and water-salt selectivity.
It is seen that trade-off between water permeance and water/salt selectivity also arises in NATMs when we
consider finite pore size distributions as a consequence of the increase in water permeance with pore size,
and salt diffusion and convection through pores larger than the size of salt ions. The ideal membrane should
block most of the salt while allowing high water flux, i.e. moving towards the top right corner in (b-d).
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Figure 2. Phase portraits of the trade-off between different measures of salt transport against the
water permeance P, (x-axis) for different lognormal PSDs characterized by median pore radii e™
(values in A indicated next to each curve) and standard deviation in log-space, s (denoted by color).
(a) Convective salt leakage, defined as the ratio of water flux due to pores larger than the salt to the
total water flux, /&R /],,. (b) Salt rejection, given by R = 1 — cp/cs. (c) Salt resistance (inverse
of the effective salt permeance, P; = J/cf, analogous to B~1 in the solution-diffusion model). The
black dots denote B~! versus A of commercial seawater RO membranes based on manufacturer
technical specifications.'" (d) Water/salt permselectivity, given by the ratio of the water flux to the
salt permeance (J,,/Ps = ¢f/cp). The dash and solid black lines in (c-d) correspond to the
empirically-determined and proposed upper bound permeance/selective trade-off curves for the
membrane active layer of state-of-the-art, thin-film composite (TFC) polyamide membranes. '
Note that this upper bound could potentially be pushed higher (in the top right direction) by making
the selective layer in TFC ultra-thin and incorporating composite materials, which is an area of
active research.*’

As shown in Figure 2a, high water permeance with increasing spread of the PSDs (increasing s) is
associated with high leakage via convection, P#>® /P,,. For PSDs with medians smaller than the salt radius
e™ < R, the leakage is initially 0 at low s, and rises as the tail ends of the PSDs exceed R, eventually
becoming 1. All of these median pore size could reach salt rejection of >0.99 based on size exclusion
mechanism alone, but only at small s (approximately less than [0.4, 0.3, 0.2, 0.1] for e™ =[0.5, 1, 2, 3] A),
as seen in Figure 2b. For PSDs with medians larger than R, the leakage is substantial even at small s, and
rejection can never reach >0.9. In these cases, salt rejection, salt transport resistance, and permselectivity
drops extremely rapidly with the slightest increase in P,, (b-d). Therefore, to be above the proposed polymer
permeance/selectivity upper bound, the NATMs need to have pores that are slightly smaller than R with
tight PSDs, e.g. approximately s <[0.3, 0.2, 0.1] for pore median e™ = [1, 2, 3] A, respectively. Assuming

11



that the continuum equation gives a reasonable estimate of transport rates, the water permeances achievable
given the need to maintain high permselectivity could be significantly lower than the ~100-1000 L m~h"
'bar! proposed by molecular simulation studies due to the presence of PSDs.®%

It is important to note that the above permeance is based on two major assumptions: (1) a pore density
Pg = 10'* m?, and (2) the access resistance equations hold. A pore density of an order of magnitude higher,
e pg = 10" m™, may be achievable with improved pore creation techniques, which would shift the water
permeance by almost an order of magnitude higher. Recent theoretical work has also shown that the
Sampson model could underestimate permeance by up to ~5x for small pores. Nonetheless, the insights
from our study still hold—we have shown that near-perfect selectivity could be achieved with tight PSD
without pore modifications, with water permeance higher than the typical permeance of existing seawater
RO membranes (1.3 L m~h'bar™)."!

4.1 Pore sealing

Next, we examined if sealing pores could yield better selectivity for NATMs, where the seal could be
formed using methods such as interfacial polymerization, crosslinking, or atomic layer deposition.'”*4’
Pores that are larger than the sealant would be plugged. For seals where the cut-off radius is smaller than
the hydrated ion size, R.qpp < R, if size exclusion is the only mechanism limiting salt transport, then perfect
selectivity is achievable (i.e., no salt permeation). However, unlike the no-sealing case, in the case of pore
sealing, water permeance P, can actually decrease with increasing s or e when a larger fraction of pores
with radius a > R4, becomes plugged and impermeable (Figure 3). Therefore, for a given s, water
permeance no longer increases monotonically with the median pore size e™. For a given s, the water
permeance F,, increases with e™ if e™ < R4, and falls with e™ if e™ > R_,,,, where in the latter almost
all the pores are sealed because they are larger than the sealing cut-off, R.4,. The highest water permeance
corresponds to PSDs where the median pore radius e™ is right below R4, with no spread in pore sizes
(s =0), with an R, right below the size of the salt. Yet, even the highest water permeance for the realistic
PSDs and R4, examined is well below 10 L m?h'bar”, suggesting that the price to pay for perfect
selectivity via pore-sealing is a limited water permeance.

102 Median radius
,_ES em (A)
T 0.5

| 1

2 3 —
P —
= 0 5 —
g

E R(fup (A)
E 3.5 E—
S107 0.4 0.8 1.2 3.0 o
- ' ’ ' R =358 A

Standard deviation in log-space, s

Figure 3. Water permeance P,, as a function of standard deviation in log-space s for different
sealing cut-offs R.qp, = 3.5 A (solid) or Regp =3.0 A (dot-dash), both of which are smaller than the

salt ion radius R = 3.58 A. There is no salt transport since both cut-off values are below the salt ion
size.

A more interesting case is when R4, > R where salt rejection is not perfect (Figure 4). Here, for a certain
pore median where e™ > R4y, physically plugging large non-selective pores reduces water permeation
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more so than salt permeation as s increases, since the access permeance of water for a pore of radius a
scales as a® whereas the diffusive salt permeance scales as a (Figure 4a-b). For e™ < R;qp, the water and
salt permeances still rise with s for small s since the effect of introducing larger pores dominates over the
effect of sealing of pores above the cutoff. The permeate salt concentration, water flux, and total salt
permeance match with the behavior for water and diffusive salt permeance—for e™ < R, , these
quantities increase with increasing s, whereas for e™ > R4, they eventually decrease with increasing s
(Figure 4c-¢). The diffusive contribution to the total salt flux behaves differently for pore-sealing vs. no-
sealing. Here, the diffusive permeance increases sharply with s, and asymptotically approaches the same
value for all median pore sizes, e™. This value is higher for the larger cut-off, R.4, = 1.2R, because the
sealing of the larger pores affects convection more so than diffusion due to the difference in the scaling of
convective versus diffusive fluxes with pore size (a® versus a, respectively). Due to sealing of larger pores,
convection no longer dominates salt transport at high s.
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Figure 4. Effect of lognormal PSD parameters on water and salt transport for pore sealing cut-off
(Rcap) values exceeding the salt size, with median pore size e™ as parameter (color) and standard

deviation in log-space s, on the x-axis. (a) Water permeance, B,,. (b) Diffusive salt permeance,
Pyiff. (c) Normalized permeate salt concentration ¢, = c,/cf. (d) Water flux, J,,. (e) Overall

effective salt permeance, Ps = J¢/cs. (f) Diffusive contribution of the total salt flux, Jgirr//s.
Riqp = 1.01R (solid lines) or = 1.2R (dot-dash lines).

Figure 5a-b plots the phase portraits for permeate salt concentration (i.e., 1 - salt rejection) and salt
resistance against water permeance P, for the R 4, > R pore-sealing system. The behaviors for e™ <
R qp are similar across the two Rcq;, values examined. For small e™ (0.5, 1 A), as the PSD spread s

increases, the water permeance P,, increases. Because the pores are small and mostly unsealed, salt rejection
and salt transport resistance drop with increasing P,,. High rejection or high salt resistance is therefore only
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achievable for low water permeances B,, < 1 L m?h™ bar” for e™ = 0.5 and 1 A. For larger e™ still smaller
than R (2, 3 A), water permeance is already near its maximum at low s. It rises a little as s increases, which
reduces salt rejection and salt resistance. With further increase in s beyond ~ 0.4, the water permeance
eventually decreases and drops lower that that at low values of s. The salt transport resistance, however, do
not decrease towards 0 since R.qp, > R (Figure 5b); the salt transport resistance asymptotically reaches the
same value of around 7 x 10™ and 10 m*h L' at water permeance P,, of around 2 and 4 L m? h™' bar for
Reqp = 1.01R and 1.2R with increasing s, respectively, both of which fall below the permeance/selectivity
trade-off curve. This results in the “starfish” shaped curves in Figure 5a-b. For e™ > R, (4 A), the system
behaves differently between R¢qp, = 1.01R and 1.2R. For R.qp, = 1.01R, at low s, as the PSD spread s
increases, the water permeance P,, and salt rejection both increase, yet the salt transport resistance decreases;
beyond s = 0.3, as s increases, salt rejection and salt transport resistance increase but the water permeance
P, decreases. In contrast, for R.q;, = 1.2R, as s increases, water permeance and salt rejection both decrease
monotonically and salt transport resistance increases. The results indicate, despite impeding water transport,
pore sealing can prevent large leakage and enforce salt rejection and resistance to be above a threshold.
However, pore sealing with large cut-offs (R.q, > R) is not able to push the performance substantially
above the trade-off curve, and while pore sealing below the salt size (R.q;, < R) achieves perfect selectivity,
water permeance is limited (Figure 3).
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Figure 5. Phase portraits of the trade-off between different measures of salt transport against the
water permeance P, (x-axis) for different lognormal PSDs with pore sealing cut-offs R¢qp, > R

characterized by median pore radii e™ (values in A indicated next to each curve) and standard
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deviation in log-space, s (denoted by color). (a) Permeate salt concentration normalized by the feed
concentration ¢, = ¢,/cf =1 —R, for Req, = 1.01R and 1.2 R. (b) Salt transport resistance
(inverse of the effective salt permeance, P, for R.q, = 1.01R and 1.2 R. The dash and solid black
lines in (b) correspond to the empirically-determined and proposed upper bound
permeance/selective trade-off curves for the membrane active layer of state-of-the-art, thin-film
composite polyamide membranes. '’

4.2 Energy barrier for salt transport

Apart from size exclusion, NATM pores, particularly functionalized ones, could present an energy barrier
for salt rejection. As discussed before, many of the sources of energy barrier imparted on the ion by the
nanopore, including electrostatic and dielectric exclusion (Born energy and image forces), by
approximation have the same pore size dependence of a~1.* Here we tested the effect of different energy
barrier heights E, = [e?/4msye,, ] kg/a, with kg =0, 1, 10, on salt transport.

Figure 6 shows that the presence of an energy barrier for salt transport shifts the salt diffusive and total
permeance curves lower, though not substantially unless the barrier exceeds the thermal energy, i.e., E, >
kgT or kr > 1 (Figure 6a,d). This suggests that the change in permittivity of the environment as the salt
ion enters the pore from the bulk, &, L — g31, or the net sum of pore-ion charge interactions, Y, j ZiZj, have
to be at least approximately half an order of magnitude for the energy barrier to be effective in limiting salt
transport. The effect of the energy barrier on the salt permeance is the highest at low s since the energy
barrier scales as the inverse of pore size a™1, so the barrier approaches o at small a/R, resulting in almost
no salt permeation when only a few of the pores are large. This leads to a lower permeate salt concentration
at low s (Figure 6b), and thus slightly lower water flux as the osmotic pressure becomes higher for a given
feed concentration (Figure 6c). The diffusive component of the total salt flux follows a similar trend,
initially increasing with s, hitting a peak, and then decreasing at high s (Figure 6¢). However, the inverted-
U shape of the curve becomes wider with increasing barrier height kg, i.e., the diffusive component's
contribution does not diminish as quickly with increasing s, since the a and a® scaling of the diffusive and
convective flux components both get masked by the exponential term exp(—ka™1), where k is a constant.
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Figure 6. Effect of log-space standard deviation of lognormal PSDs, s (x-axis), and median pore
radii e™ (denoted by different colors), on water and salt transport across the membrane in the
presence of an energy barrier to salt transport parametrized by kz = 0 (solid lines, no barrier),
kg =1 (dash lines), and kg = 10 (dot-dash lines). (a) Diffusive salt permeance, Py;f . (b) Permeate
salt concentration normalized by the feed concentration &, = ¢, /cy. (c) Water flux, J,,,. (d) Overall
effective salt permeance, P; = J;/cr. (e) Diffusive fraction of the total salt flux, J4;r7/]Js.

The impact of the energy barrier height on the trade-off between water permeance and salt transport
resistance is shown in Figure 7 in the form of phase portraits. As before, higher water permeance that
results from a wider spread of pore sizes at higher values of s is associated with lower salt rejection and
salt transport resistance. A small energy barrier (kg = 1) results in membrane behaviors that are similar to
kg =0, with less than half an order of magnitude increase in salt rejection and resistance. In contrast. with
kg = 10, the salt rejection and salt transport resistance increase substantially beyond the polymer trade-off
curve for all values of s, as long as the median pore sizes are large enough (i.e. e™ > 1 A), although the
distributions still have to be tight (small s) to ensure salt rejection is above 0.99. This implies that tuning
the chemical structure of the pore could potentially overcome the leakage problem induced by wide PSDs
and enable NATMs with broad PSDs to be use for desalination and ion separation purposes.
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Figure 7. Phase portraits of the trade-off between different measures of salt transport against the
water permeance P, (x-axis) for different lognormal PSDs characterized by median pore radii e™
(values in A indicated next to each curve) and standard deviation in log-space, s (denoted by color),
in the presence of an energy barrier to salt transport parametrized by kg =0, 1, and 10. (a) Permeate
salt concentration normalized by the feed concentration &, = ¢,/c = 1 — R. (b) Salt transport
resistance (inverse of the effective salt permeance, F). The color indicates the log-space standard
deviation of the PSD, s. The dash and solid black lines in (b) correspond to the empirically-
determined and proposed upper bound permeance/selective trade-off curves for the membrane
active layer of state-of-the-art, thin-film composite polyamide membranes. ''~*°

5. Conclusion

Using nanoporous graphene as a model system, we have demonstrated that the selective nanoporous layer
of nanoporous atomically-thin membranes with finite pore size distributions can yield performance beyond
the upper limit of the permeance/water-salt selectivity trade-off curve of traditional polymeric thin-film
composite RO membranes. Previous molecular simulation studies have mostly considered a single pore
size in extracting graphene membrane performance, where, in order to maximize water permeance while
maintaining selectivity, one should set the pore size to be right below the size cutoff. However, realistic
membranes contain pores distributed across multiple sizes. If size exclusion is the dominant selection
mechanism, then unmodified atomically-thin membranes can achieve high selectivity even with a finite
spread in pore sizes, but the PSD has to be tight with small variance with median well below the hydrated
ion size, especially since dehydration could also reduce the effective ion size that governs its transport.
Although the water permeances across such selective graphene pores would still be higher than those of
current polymeric RO membranes, they might not be as high as 100-1000 L m?h"'bar" predicted by
previous studies due to engineering constraints, since the closer the pore sizes approach the hydrated ion
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size, the higher the chance is for salt to leak, resulting in a water permeance versus selectivity trade-off that
depends on the PSD parameters.

Our analysis illuminates the need for tight PSDs for achieving desalination, quantified by the spread, s, that
is allowable for adequate salt transport resistance. Broad PSDs can severely impede the salt rejection as the
tail ends of the distributions allow salt to leak through the membrane by convection, a phenomenon not as
important in polymeric RO membranes where transport is relatively well-described by solution-diffusion.
One method to address the broad PSD problem is to seal large pores to block off flow through them. Sealing
all the pores that are around the size of or larger than the hydrated salt ion size, could in theory result in
perfect salt rejection, but the water permeance would be limited and would even decrease as the PSDs
broaden since a larger portion of the pores would be sealed. Hence pore sealing alone might not be ideal
for resolving the leakage problem for broad PSDs.

Increasing the energy barrier experienced by the salt ion as it passes through the nanopore via tuning the
pore structure and chemistry could be an effective way of mitigating salt leakage. Based on approximate
pore size scaling for electrostatic and dielectric exclusion interactions, we demonstrated that the energy
barrier has to be sufficiently large (e.g. kg > 1) for the salt rejection and resistance to rise substantially.
Large energy barriers could enable NATMs to surpass the permeance/selectivity trade-off limit of
polymeric RO membranes even with wide PSDs provided the average pore sizes are not too small.

In conclusion, our study has shown that, similar to traditional polymeric membranes, nanoporous graphene
membranes are subjected to the permeability/selectivity trade-off in desalination, and that size exclusion
mechanisms could lead to desirable performance but are not robust against widening of pore size
distributions, making NATMs unlikely candidates for practical desalination applications without strategies
to mitigate leakage, such as sealing of leaky pores or tailoring of the porous support. In addition to these
strategies, the present study shows that incorporating functional groups to adjust the pore structure and
chemistry in NATMs may enable membranes derived from these materials to achieve better selectivity
while maintaining high water permeance even in the case of broad pore size distributions. While future
research could use more accurate/sophisticated transport models to improve the estimates of this work, the
results and insights from this study could guide the development of practical NATMs to meet the rising
water demand.
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7. Glossary of symbols

Symbol
a
aS
A=0P,
B

]s,conv
Js.aiff
Jw

a>R
w

kg
kg

Baclac]

upp,w

Q
Q
=

R

Q

S

N e

N

Description

Graphene pore radius

Support pore radius

Water permeability coefficient (water permeance)
Salt permeability coefficient

Feed side NaCl concentration at bulk (j = b)/membrane surface (j = m)

NaCl permeate concentration

Normalized NaCl permeate concentration by bulk feed concentration
Concentration difference across the bulk (j = b)/membrane (j = m)
Sodium chloride NaCl diffusivity

Charge of an electron

Activation energy barrier for salt transport across graphene

Activation energy, j = LJ: Lennard-Jones (van der Waals), ES: Electrostatic, and

DE': Dielectric exclusion

Pore size distribution function

van’t Hoff factor

Diffusive salt flux for pores larger than NaCl

Total salt flux

Salt flux by convective transport

Salt flux by diffusive transport

Water flux

Water flux for pores larger than hydrated Na*
Boltzmann constant

Activation energy constant

Opverall feed side mass transfer coefficient

Support effective thickness (including tortuosity)
Graphene: In(Median pore radius [nm™'])

Applied pressure

Diffusive salt permeance

Overall effective salt permeance

Water permeability coefficient (water permeance)
Water permeance for pores larger than NaCl

Graphene diffusive salt permeance for pores larger than hydrated Na*
Graphene water permeance for pores larger than hydrated Na*
Support NaCl diffusive permeance

Support water permeance

Hydration radius of Na*

Salt rejection

Pore radius cut-off

Ideal gas constant

Radius of the smallest cross-section area for water
Graphene: Standard deviation in log-space of PSD
Temperature

Charge/valence of ion or functional group i

Vacuum permittivity

Relative permittivity (dielectric constant) for bulk water
Water viscosity

Fraction of graphene water permeance that contributes to salt leakage
Osmotic pressure

Osmotic pressure difference across the bulk (j = b)/ membrane (j = m)

Areal porosity of the surface of the support
Graphene pore density
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8. Appendix
8.1 Derivation of governing equations

As mentioned in the main text, the water flux cannot be written directly as J,, = A (Ap — Am,,) as in the
solution-diffusion model because part of the graphene (the large pores that have negligible interaction with
the ions) is freely permeable to salt, and thus the osmotic pressure there is null. The exact pore size at which
a pore starts to interact with the salt ion is unknown; hence, as a first approximation we can assume, as in
our size exclusion assumption, that pores are “freely permeable” to salt ions when they are larger than the
salt ion, pores smaller than the salt ion are “semi permeable”, and the osmotic pressure adjustment in the
water flux equation only applies to the latter. This “cut-off function” can be captured by a sigmoidal curve,
a(a), where a(a » R) = 0, and a(a S R) = 1. For further simplicity, this curve is modeled as a step
function with the step located at a = R.

For a membrane composite system with a support, one cannot just simply add the permeances together
(P, — P¥®)(Ap — Amr,y) + PE7RAp to yield the water flux. To obtain the water flux equation, consider a
1D system with a pressure of ps ,, and osmotic pressure of 7f ,,, on the feed side of the graphene layer, py

and 74 in the interface of graphene and support (assuming each support pore contains similar distributions
of graphene nanopores), and p,, and 7, on the permeate side. For mass balance, water flux is the same
across the support and graphene layers, noting that Am,, only applies to the semi-permeable part of the
membrane:

]w = Psupp,w (pgs pp) (»bspg f g, W(a) [pfm pgs - (T[f,m - ngs)a(a)] f(a) da

~ ¢spgpa R(pfm pgs) + (»bspg Rwsa<R[pf,m — Pgs — (T[f,m - T[gS)]

where f Pyw(a) a(a) f(a)da = W<a R e only the semi-permeable part survives. For clarity we

(23)

Pa>RW

bW mterchangeably to indicate the total water permeance for the graphene membrane.

will use Pgt‘,fvt =
Rearranging to solve for py:

PpPsuppwtPspPyg fRW Py, w(a)[me_(”fm_”gs)]a(a) f(a)da

Psuppwt®spPg fR Pg, w(a) f(a) da

Pgs =

_ PpPsuppwtPrmPsPg f;‘oN Pg.w(a) a(a) f(a)da_¢spg fRW Pg,w(a)(n'f_m—ﬂ-'gs) a(a) f(a)da
pgs B Psupp,w"’f}go Pg,w(a) f(a) da

ppPsupp wtDr, m¢spgpg w (”fm ”gs)d’spg (Ptﬁfz —PE@R

N
g Psupp, w+¢ngPt0t

Plugging py into the J,, equation yields:

]w = P Psuil;)w¢s}l:i>Rw [(pf,m - pp)ch,l;Rw - (T[f,m 7Tgs)(Pa>RW Pg‘?v>vR)]
suppwtPsPg

[(pfm —pp)- ( a>Rw) f}_:’vpg'w(a)(nﬁm—ﬂgs)a(a)f(a)da] (me pp)-(1- s‘gw)(ﬂfm—frgs)

(¢ngP;;RW)_1+Ps_ulpp,w (¢spg a>RW) +Ps_upp w

Jw =

where for clarity we define ¢, as the fraction of graphene water permeance that is contributing to salt

leakage, &, = PISR/PLSE. Given Byt = (¢spy Py >RW) + Poypp.w» We can write:
Jw =Po [(rm = o) = (BE) ™ f By (@) (ym — mgs)a(@) (@) da]
Jw = B, [(pf,m - pp) - (1 - Eg,w)(n’f,m - T[gs)]
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We further assume 7,5 ~ 7, since the concentration gradient across the support is typically small relative

to that across the graphene layer. We can also define Pexm

of this membrane composite:
Jw =Py [8p = (1 = &g )] = RSP [Ap — Amyy]

t ATt
vaxp =~ PW (1 + fg,w m)

as the “experimentally measured permeance”

We see that 27" will overestimate the true P,, as it assumes the osmotic pressure applies to all pores. We
can also rearrange to write ¢, (or ¢, as the dimensionless form scaled by ¢ ) as a function of J,,,:

]w =~ Pw [Ap - (1 — fgjw)l'RgT(Cf’m - Cp)] (24)
~ _ = (1—5 ,w)_1 Jw) _ -1 Tw w
G 0) = o e (0P~ 22) =1 fren (1= Gaw) (15 5) e @9

The salt leakage part of the water flux to be used in the salt flux equation is:

a>R

¢sngg wR (pf m pgs) = ¢spgpt0t§g w(pf m pgs)

a>R ot ppPsupp,w"'pf,mqbsng;a; W_d)spg fRW Py, w(a)(”f,m_”gs)a(a) f(a)da
(»bspg W ’fg,w Prm —

Psuppw+®spgPgy a>RW
bsPgPGw
Wk = Psupp,wl:f]fl)fpgpgf% fg,w[(pf,m - pp)Psupp,w + ¢spgpmt(1 fg,w)(nf,m - T[gs)]
a>R _ _ _ bspgPsh
7 = £y [(rm = 20) (1= ) 7= ) (225
tot
R N

which increases as the leaky fraction of the graphene permeance, ¢, ,,, increases. Increasing osmotic
pressure also increase J4~R because there is now a weaker driving for the semi-permeable pores (Ap — Am),
and thus water prefers to flow through the leaky pore. Decreasing support permeance (i.e. increasing
support resistance) also amplifies the osmotic pressure contribution (noting that a decrease in Py Will
decrease B,) as the interfacial pressure pg shifts closer to the feed pressure p; and away from the permeate
pressure pj, so osmotic pressure has a stronger effect on graphene as it is larger relative to the driving force
over the graphene layer (pf — pgs).

Note that one can also write /&~ as a function of J,, by substituting in ¢pUw):

a>R — =$gwhw [Ap + (1 fgw)lR Tcrp (1 —¢ )ejw/kf (fl)snggﬁ,E)]

Psuppw

tot

¢S P w
@R = £ B,Ap [1 +(1 ——Appw) (—”g o )] 7)

Psuppw

8.1.1 Numerical solution to the concentration polarization model

The solution for the case with concentration polarization is not as straightforward as finding the solution to
solution-diffusion membrane systems, since in 2D membrane systems there is a coupling between
convection and diffusion, where the former is driven by ¢¢ ,,, and the latter by Acy, = ¢ — Cp.
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To find the water and salt fluxes and permeate concentration, we write one equation containing all known

entities to solve for J,,, starting from the salt balance and substituting in expressions for c¢ ,, (from the main

text), c,, and i~ R:

Js =Jwep = ]&/>Rcf,m + Pdiff(cf,b - Cp)e]W/kf
Judy =S — (4T~ )]+ Py (1 &)
Uwe™w/r + J57R (1 — e™w/%r) + Payyf] € — (J47 + Paipg) = 0 (28)

where for numerical stability we prefer e /w/¥r over e/w/¥r . J,, from the solution of eq. (28) can be
plugged back into eq. (25) and (27) to determine ¢, and Jy;, a>R "and the salt fluxes can then be determined.

8.1.2 Analytical solution to the model without concentration polarization

In the absence of concentration polarization, we can substitute ¢s ,, = cfp, into the salt balance, i.e. ignoring
the e/w/¥r terms, which yields:

Js = Jwcp = J&Rerp + Pairr(crp — cp)

This allows us to solve for J,, using a single quadratic equation after substituting in the expressions
J& R (w) and cp ()

]w ¢Sp Pt% ]w
Jw [ LRchf,,( — g, W) ( TP Ap ] Sgwhvlp [1 + _m) ( Psuijw )] + Pairs [lR ch,,( — S, W) ( - m)]

Ji [lR Tcep ( —4a W) (P Ap)] thw [1 leTCfb ( ~% W) +Som (‘/’SnggW) * Paig (iRAT—pCM (1 Bl

Psuppw

) 2|~ 1+ (5222 s e ) )

12+ ] (P Ap) {(1 fgw) (leTCfb [1 € <¢ngPgW)] n ;ilg _ 1} — (R, Ap)? {(1 _

Psupp,w

iR,Tc bspgPESE Pgi
qm)Equ (PLet) 1+ (L2 4 2} — o

Psuppw

(29)
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8.2 Molecular dynamics simulation informed continuum models for water flow across nanopores

More sophisticated continuum models have been developed in the recent years to describe water flow across
nano and subnanometer pores. These models are more accurate than the Sampson and Dagan models that
involves putting the entrance/exit resistance (Sampson) in series with the center-pore resistance (Hagen-
Poiseuille),®" which were shown to underestimate flow across small pores (less than ~ 10 nm in radius)
made from carbon molecules (e.g. graphene, carbon nanotubes CNTs). These models involve correcting
for thermophysical parameters that affect water transport, e.g. viscosity ¢ and slip length §5 (which can be
expressed as viscosity/friction coefficient 1), in the pore vicinity which would differ from their bulk values
due to interactions at the molecular length scale. Given experimental limitations, these parameters can be
obtained from MD simulations via Green-Kubo relations, which relate these macroscopic properties with
microscopic fluctiations.***°

8.2.1 Model development

Heiranian et al. proposed a correction to the Sampson equation, where the slip and viscosity corrected
Sampson hydrodynamic resistance can be written as a linear combination of the slip-corrected and excess-
viscosity-corrected resistance (i.e. treating them as resistances in series):>’

RSampson RSampson + RSampson

slip—visc _ “'slip visc
RSampson RSampson
1421, )3/2 3(19) 2 3 o
1+a B 1+a Hexcess [ -1 — ( 3> ]
= = t +In(B 2+ 1) (S +43) -
T + B fant p 4 nggo2 +1) (30 4+ 4%) -

where a = §;/a is the ratio of slip length to pore radius, with §; assumed to be 1.5 nm; § = Lj,¢/a is the
ratio of interfacial layer thickness (distance from the graphene wall where most of the variations in viscosity
take place) to pore radius, with L;,; assumed to be 0.8 nm; feycess = 0.13 mPa s is the average excess
viscosity near the graphene-water interface. The corrected permeance is then: *’

1 RSampson 1 31
S ip—visc 1
lip—vise(q) = B, (a) (;;&;‘i) Gl

In another paper, the same authors (Heiranian and Aluru) provides another method, which they coined the
corrected Hagen-Poiseuille (CHP) model, to estimate water permeance:*’

. 4a3,u(Lg, a)
PCHP (a) = <a i MLy, a) > 1 _ ma’® (a +46,(Lg, a)) (32)
8u(Lg,a) L6 8u(Lg,a)(Lg + 3ma/8)
where Ly = 0.335 nm is the graphene thickness and the effective hydrodynamic pressure drop length is
Lgagan = Ly + (3m/8)a. The viscosity, friction coefficient, and slip length §,’s dependence on pore radius

a and pore length can be obtained via fitted functions to non-equilibrium molecular dynamics (NEMD)
simulations. While the NEMD simulations were performed for both carbon nanotubes (CNTs) and graphene,
the fitted equations provided in the paper were for CNTs, which show different behaviors vs. graphene
(Figure Al).

Assuming the typical length of variation for the parameters is x, = 0.7 nm from the edge of a
nanotube/nanopore, the combined length of the end regions can be defined as | = 2x,(1 — e~L9/?%e) =
1.4 nm (1 — >*9"*) = 0.30 nm. The pore length and radius dependent viscosity u and friction coefficient A
can be calculated as a weighted average of values in the end regions (1€, A°) and middle section (u*, 1°°):
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_Lpt(a) + (Ly — Du”(a)

u(Lg,a) = Lg (33)
A(Lg,a) _ 1-2¢(a) + (Lng —DA%(a) (34)

with p(a) = [(0.38 nm/a)? — 2(0.38 nm/a)](u — 9.5 x 10™* Pas) + u, u®(a) = [(0.38 nm/a)? —
2(0.38 nm/a)](u —3.2x 107* Pas) + u, 1°(a) = (0.59[a/nm] ™3> + 4.2) x 10° Nsm>, 1%(a) =
(—0.63[a/nm] %¢ + 1.1) x 10* N s m™.

Similarly, Sun et al.*’ developed a nanoscale unified model of the same form as Heiranian and Aluru’s CHP
model, ** accounting for the varying viscosity u and slip length 8 with pore radius a in the same Dagan-
like Hagen-Poiseuille form (although the authors derived it differently):

a3 (a + 46,)
8u(Ly + 3ma/8)

qutf‘}/JM (a) = (35)
However, similar to Heiranian and Aluru’s paper, Sun et al.’s also did not explicitly define functions to
describe the p(a) and 65(a) for graphene. Here, using the MD data from the above papers, we fitted
functional forms describing the pore size dependent of these thermophysical models to enable the
calculation of water permeance across all a (Table Al).

Figure A1 shows that different MD simulations resulted in different values and pore size dependence for
the parameters. Note that the CHP model provided in Heiranian and Aluru® (from CNT data) gives
viscosity and friction coefficient results that differ significantly from graphene’s. For instance, unlike CNT
where viscosity tends to decrease with decreasing pore size and is predominantly below the bulk viscosity,
graphene has a viscosity that increases with decreasing a and is above the bulk value. CNT CHP also
significantly underestimates the friction coefficient, which means it would likely overestimate water
permeance.

Table Al. Fitted parameters for thermophysical parameters, with pore radius a in nm.

Parameter Units Paper Functional form by b, bs
Sun et al. (2021) bye~b1% 4y, 2.29 0.00714 -
Viscosity mPa s
Heiranian et al. ACS
U b3 ,—bia
Nano. (2020) bya”ie 1% + u,, 4.75 0.231 3.81
Friction Sun et al. (2021) b,e P14 + by 10.2 0.0151 0.00280
coefficient mPa s nm™ -
Heiranian et al. ACS —b.a
yl Nano. (2020) b,e 1% 4 b, 2.03 -0.000464  0.000708
Sun et al. (2021) u(a)/A(a) - - -
. Heiranian et al. ACS —b.a
Slip (lsength Nano. (2020) b,e™"1% + b, 2.42 4.88 2.44
S
Heiranian et al. Phys. bye~b1a + b, 1.10 448 196

Rev. Res. (2020)
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Figure Al. Graphene permeance calculated using Sampson (solid) and slip-and-viscosity-

corrected Sampson (dash) flow models, using a graphene pore density value pg of 10" m2.

8.2.2 Results

The water permeances estimated using the slip-and-viscosity corrected Sampson, the corrected Hagen-
Poiseuille (CHP; both CNT and graphene), and nanoscale unified model (NUM) are compared against that
obtained using the simple Sampson model (Figure A2). The shapes of the curves are generally the same.
Surprisingly, the NUM model gives results that are not significantly different from the Sampson model,
perhaps because, while slip length increases with smaller pore radius (making flow faster), viscosity also
increases (making flow slower), and the two effects likely balance each other out. The difference between
the corrected and uncorrected permeances is less than one order of magnitude, suggesting that the use of
the Sampson equation in our analysis should still yield reasonable estimates for permeance and selectivity
with less complexity and generalizability to other materials. We expect the more accurate models with
slippage would shift the water permeance and flux curves in Figures 1a,d, 3, 4a,d, 6¢c upwards by less than
a magnitude (since at high fluxes the support resistance would be limiting), and the phase portrait curves to
the right in Figures 2, 5, 7. The general conclusions drawn from this study about the effect of PSDs would
remain the same. Nevertheless, as more theoretical models are generated and validated by experimental
evidences, our analysis could be updated with the more accurate model(s), though the computational
requirement could be higher.
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Figure A2. Graphene water permeance calculated using different flow models and a graphene pore
density value p, of 10'* m2: Sampson (solid), Sun et al.’s nanoscale unified model (NUM) with
our fitted functions for viscosity and slip length (dotted),”” Heiranian et al.’s slip-and-viscosity-
corrected Sampson,”” Heiranian and Aluru’s corrected Hagen-Poiseuille (CHP) with our fitted
functions for graphene (dash), and Heiranian and Aluru’s CHP model with their fitted functions
using CNT data (dot-dash).*
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8.3 Sample pore size distributions
Practical nanoporous graphene has pores that are spread across different sizes. Lognormal distributions are
often used to describe pore sizes generated via top-down pore creation methods such as focused ion beam
and oxidative etching.'®?*! The mean and standard deviation in log-space is given by m and s, with e™
being the median in linear space.
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8.4 Energy barrier and its effect on transport rate

The presence of an energy barrier can affect salt transport across nanopores. Figure AS shows the energy
barrier (normalized by thermal energy kzT) and the exponential factor that modifies the transport rate as
functions of pore size. As expected, as pore size increases, the average distance between any salt ion and
the pore edge increases, and the water within the pores acts more similarly as the bulk, leading to a decrease
in the energy barrier for interactions that are repulsive. The kg values examined can describe molecular
dynamics simulation data on the relationship between energy barrier and pore size fairly well. The data
were taken from a literature review which compiled the activation energy barriers for the transport of
various monovalent salts across different membrane structures and materials (e.g. nanoslits, nanopores of
various lengths and sizes; graphene oxide, porous graphene, carbon nanotubes, other hydrophobic pores,
etc.).*” The energy barrier approaches 0 as pore size increases, leading to an exponential factor of 1 (no
effect on salt transport).

(a) Energy Barrier (b) Exponential Factor
120 10° ——
— 1 - -
| .
s 100} i 1072 (j
ERE = H -
g2 4 L‘1|.‘§ 1075 -7
o 60fF | ! 7
< i I‘, ~—— 10—6 I 7
I40p N o ' / ks
| < 3 ] / 0.1
J& \ ¢ 10-8|! Y, :
[l 2013 - I / L ---
N3 Bty - 1 / 10 = - =
0= 10-1oL L
0 2 4 6 8 10 0o 2 4 6 8 10
Pore radius, a (A) Pore radius, a (A)

Figure AS. Effect of pore size on the energy barrier and the resulting exponential factor for salt
transport, parametrized by kz = 0.1 (solid lines), 1 (dash lines), and 10 (dot-dash lines). (a) Energy
barrier versus pore radius. The energy barriers of various monovalent salt ions (represented by
green symbols of different shapes) taken from molecular dynamics simulations for carbon
nanotubes, graphene oxide membranes, porous graphene, and other hydrophobic pores are
presented for comparison.*’ (b) Exponential term versus pore radius.
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8.5 Concentration polarization

In the main text, we focused on the membrane property and thus did not consider concentration polarization,
which typically occurs when water flux and salt rejection is high, causing build-up of salt on the feed side
of the membrane at a higher concentration (by a factor of e/w/¥r) than the bulk feed. This in turn increases
the osmotic pressure Am,, & Ac,, to be overcome in order to push water across the membrane, which
decreases water flux (J,, « (Ap — Ac,,)) and increases salt concentration in the permeate, since there is less
water to dilute the permeate salt solution.

However, in the case where convection is a substantial contributor to salt transport and salt rejection is not
high, no substantial build-up of salt will occur on the feed side as the salt is transported across the membrane
by the water flow. As shown in our analysis, high water fluxes, J,,, are typically associated with high
convective salt transport due to the tails of the PSDs. In these situations, we have §,4,, = 1 and J, > kp,
where ky =100 L m™ h! is the overall feed side mass transfer coefficient, such that only the e/w/s terms
survive in the salt balance:

-7 = _ _Jw )\ (9sPaPaly _ o )edwlk _ o )edwlk
]wcp =Js= Eg,wPWAp 1+ (1 )( ) [(Cf,b Cp)e W+ CP] + Pdiff(cf,b Cp)e Wit

ApPy, Psuppw
Jw>k tot
:]; 0= fg,WPW [Ap + (1 - Eg,w)AT[m (%)] (Cf,b - Cp) + Pdiff(cf,b - Cp)
Egw— 1
== 0~ Ju(crp = &) + Pairr(crp = )
Egw— 1

== JwCp = JwCrp + Paisr(crp — cp)

We recover the governing for the case without concentration polarization for such a system since for high
leakage J,, ~ J&~R.

8.5.1 Results

The water and salt fluxes and permeate concentrations for the concentration polarization (CP) case can be
determined via eq. (25), (27), and (29), using a typical overall feed side mass transfer coefficient ks of
100 L m? h™." Figures A6-7 present the results. CP only affects the curves in Figure A6c-f.

At high s values, i.e. when the spread of the PSD is large, or for median pore radii e™ of 4 and 5 A that are
larger than the salt radius, the PSD allows salt ions can leak through. Hence, the convective salt leakage is
high and the CP curves for permeate concentration c,, water flux J,, and overall salt permeance P, =
Js/¢¢p>Js = JwCp, overlap with the no CP curves due to the large convective salt leakage and low salt
rejection.

The effect of CP is also not as significant at low e™ and smaller values of s, since the water flux in the
absence of CP is below the overall feed side mass transfer coefficient k¢ of 100 L m~ h! and as a result the

rate of convective salt transport to the membrane surface is slow so there is effectively little CP.

At low s or smaller e™, CP can lower the water flux J,, by increasing osmotic pressure, as salt transport
across the membrane is slow (Figures A6d). However, this occurs only for PSDs with median radii e™
slightly below that of salt (2 and 3 A) and to some extent for smaller e™ with slightly larger values of s)
that have moderate salt rejection and water flux in the absence of CP comparable to or higher than the k.
Here, the permeate salt concentrations are higher (i.e., salt rejection is lower) as seen in Figure A6c. In
these cases, CP increases the permeate concentration cp by (i) elevating the salt concentration at the
membrane surface of the feed, which increases the convective driving force, and (ii) reducing water flux,
which decreases the dilution of the permeate (Figures Aé6c).
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Since the overall salt flux Js is the product of J,, and ¢, and overall effective salt permeance F; is just J
scaled by a constant c¢ j,, CP curves only deviate slightly from the no CP curves for overall salt permeance
at intermediate s for intermediate e™, where P; with CP is slightly lower (Figures A6¢c). With CP, the
diffusive contribution to salt flux increases with its peak shifting to lower s because of the high osmotic
pressure that arises from higher concentration gradient across the membrane Ac,, = ¢¢, — ¢, when water
flux is low, yet the same Ac,, also drives salt diffusion (Figures A6f). The diffusive contribution rapidly
decreases as s increase because with salt leakage the concentration gradient Acy, vanishes, and convection
drives most of the salt transport.
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Figure A6. Case with concentration polarization (CP): Effect of log-space standard deviation of
lognormal PSDs, s (x-axis), and median pore radii e™ (denoted by different colors), on water and
salt transport across the membrane. (a-b) are the same for models with (CP) and without (no CP)
concentration polarization incorporated. For (c-f), the solid vs. dotted curves refer to CP and no CP,
respectively. (a) Water permeance P,, (solid lines) and water permeance for pores larger than the
salt PR (dot-dash lines). (b) Diffusive salt permeance Pgifr. (c) Permeate salt concentration
normalized by the feed concentration &, = c,/cr. (d) Water flux, J,,. (e) Overall effective salt
permeance, P; = J/c. () Diffusive fraction of the total salt flux J4;77/Js.

Similarly, the effect of concentration polarization on the phase plot curves is minimal (Figure A7b-d). Most
of the curves in the region of interest (low permeate concentration; high salt rejection) are identical between
CP and no CP.
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reference. The color indicates the log-space standard deviation of the PSD, s. (a) Convective salt
leakage, B4R /P,,. (b) Salt rejection, R = 1 — cp/cs. () Salt resistance (inverse of the effective
salt permeance, P;). The black dots denote commercial seawater RO membranes based on
manufacturer technical specifications.'' (d) Water/salt permselectivity, given by the ratio of the
water flux to the salt permeance (J,,/P; = ¢f/cp). The dash and solid black lines in (c-d)
correspond to the empirically-determined and proposed upper bound permeance/selective trade-off

curves for the membrane active layer of state-of-the-art, thin-film composite polyamide membranes.
11,59
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8.5.2 Pore sealing

For pore sealing where the cut-off radii for the seals are smaller than the salt ion size, R.q, < R, there is no
salt transport, and we expect concentration polarization to lower water flux by increasing osmotic pressure.
Setting ¢, = 0 in the water flux equation, i.e. Acy, = Cf 1, gives:

Jw = Py(8p — iRy Tcs pelw/kr)

Jw_ _ (1 _ Mefw/kf)
PyAp Ap

. PwAp
leTCf,bPW e )

(36)

where W is the product log/ Lambert W function.

Figure A8 shows the resulting water fluxes. Compared to no CP, CP curves are all shifted lower, especially
the PSDs with the highest fluxes (e™ = 2, 3 nm) because their concentration polarization is also the most
severe as Cf .y = cf,be]W/ kf. The rest of the trends are the same between no CP and CP. Furthermore,
because higher water fluxes are associated with higher concentration polarization, i.e. higher feed salt
concentration at the membrane surface and thus higher osmotic pressure opposing the water flow, one can
reduce the applied pressure without affecting water fluxes much, resulting in energy savings (Figure AS).
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Figure A8. Case with concentration polarization (CP): Water flux J,, as a function of standard
deviation in log-space s for different applied pressure Ap of (a) 55.15 and (b) 40 bar, and different
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sealing cut-offs, R.q, = 3.0 A (top) and R¢q;, = 3.5 A (bottom), both of which are smaller than the

salt ion radius R = 3.58 A. There is no salt transport since both cut-off values are below the salt ion
size. The solid vs. dotted curves refer to CP and no CP, respectively.
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