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ABSTRACT: Two-dimensional (2D) nanosheet membranes have
been widely studied for water and wastewater treatment. However,
mass transport inside 2D nanosheet membranes is far from being
fully understood, and suitable applications of these membranes are
yet to be identified. In this study, we investigate ion transport
inside a 2D molybdenum disulfide (MoS,) membrane by
combining experimental results with numerical modeling. Specif-
ically, we analyze the influence of the electrical double layer (EDL)
extension on ion diffusion in the MoS, membrane, and a parameter
called the exclusion-enrichment coefficient (f3) is introduced to
quantify how the electrostatic interaction between the coions and
the EDL can affect the ion diffusion. Using the model developed in this study, the § values under different experimental conditions
(feed solution concentration and applied hydraulic pressure) are calculated. The results show that coion diffusion inside the
membrane can be retarded since f is smaller than one. Furthermore, the underlying mechanism is explored by theoretically
estimating the radial ion concentration and electrical potential distributions across the membrane nanochannel. In addition, we find
that convective mass transport can weaken the exclusion-enrichment effect by increasing . Based on the results in this study, the
potential applications and feasible membrane design strategies of 2D nanosheet membranes are discussed.
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B INTRODUCTION

Water scarcity is recognized as one of the largest challenges in
the 21st century.' The development of robust and sustainable
technologies to reclaim clean water from unconventional
sources, such as seawater, brackish water, and wastewater, can
largely alleviate global water scarcity.” Membrane technologies
can play an important role in water treatment, wastewater
reclamation, and desalination.”* Freshwater of superior quality
can be produced from membrane-based treatment technologies;

To overcome such limitations, novel materials and molecular-
level design approaches have been extensively studied to
advance membrane technologies for water purification and
desalination.

Exfoliated two-dimensional (2D) nanosheet membranes have
demonstrated excellent separation performance as semiperme-
able membranes for water and wastewater treatment.'” 2D
nanosheet membranes are commonly synthesized on the lab
scale by either pressure-assisted filtration (including vacuum
filtration)'""> or layer-by-layer (LbL) dip coating.>'* The

at the same time, membrane-based treatment technologies have
a smaller footprint and higher energy efficiency than conven-
tional water treatment technologies.” For instance, state-of-the-
art thin-film composite (TFC) membranes are widely used for
reverse osmosis seawater desalination and water reuse.’ A
nonporous polyamide active layer ensures that the TFC
membrane can have high contaminant rejection, satisfactory
water permeability, and a wide pH operation range (pH 2—11).”
However, the current design and fabrication of commercial
membranes for water treatment largely depend on empirical
approaches instead of molecular-level design, which hinders the
further improvement of membrane separation performance.””
Regarding TFC membranes, the inability to control their active
layer structure during membrane synthesis results in a
permeability-selectivity trade-off,” which limits the achievable
membrane selectivity and increases the cost of water treatment.”

© 2021 American Chemical Society
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synthesized membrane contains numerous interconnected
nanochannels with sharp molecular cutoffs that can effectively
reject solutes.”> As the most widely studied 2D material for
membrane fabrication, graphene oxide (GO) has been utilized
to design a variety of membranes for solute retention by tuning
its interlayer spacing.'® Nevertheless, the hydration of hydro-
philic functional groups at the edges of the GO nanosheets can
cause swelling of the GO membrane in solutions, which impairs
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the solute retention performance and selectivity of the
membrane.'” To circumvent the issue that GO membranes
face, other 2D nanosheets, including hexagonal boron nitride (h-
BN),'® transition metal dichalcogenides (TMDs),"” and
transition metal carbides (MXene),” have also been utilized
for 2D nanosheet membrane fabrication. For example, laminate
membranes fabricated using molybdenum disulfide (MoS,), the
most extensively studied TMD, are structurally more stable in
water.”!

The mechanisms responsible for the solute rejection of 2D
nanosheet membranes have also been actively explored. An
experimental investigation suggested that the GO membrane
has a sharp molecular cutoff, and ions or molecules with a
hydrated radius larger than 4.5 A can be blocked by the
membrane.”” More subsequent studies confirmed that steric
(size) exclusion is a dominant ion retention mechanism for 2D
nanosheet membranes.”””>** Thus, by tuning the interlayer
spacing between adjacent 2D nanosheets, selective sieving of
different ions and molecules can be achieved.”>* Furthermore,
electrostatic exclusion was also demonstrated to play an
important role during ion transport across 2D nanosheet
membranes.””**” However, charge-regulated transport is far
from being fully understood, and a satisfying theoretical
framework to describe ion transport inside 2D nanosheet
membranes is yet to be established.

Studies on mass transport in nanofluidic channels have
indicated that the diffusion of ions and/or charged molecules is
highly influenced by the extension of the electrical double layer
(EDL).*® The EDL causes specific charge (re)distribution at the
interface of the channel surface and the solution so that the fixed
charges on the channel surface can be compensated by the
mobile counterions in the solution.”” The thickness of the EDL
depends on the solution ionic strength and can range from less
than 1 nm to more than tens of nanometers. An electrostatic
screening zone can be formed inside the EDL; inside the zone,
an enrichment of counterions and exclusion of coions result due
to electrostatic interactions, and this phenomenon is named the
exclusion-enrichment effect.”® Since the EDL represents a
significant fraction of the total volume inside the nanochannel in
many cases, the exclusion-enrichment effect can have an
influence on the transport of ions and/or charged molecules.
Moreover, when the thickness of the EDL becomes larger, which
is referred to as the extension of the EDL, the exclusion-
enrichment effect can become stronger since more volume
inside the nanochannel is occupied by the EDL. Specifically, for
a charged nanochannel, counterions diffuse faster than
coions;” ! for a single salt solution, the counterion diffusion
rate equals that of the coions since electroneutrality needs to be
fulfilled, which leads to retarded salt diffusion.

The 2D nanosheet membranes contain well-defined nano-
channels with fixed charges that can influence the transport of
charged species. However, the exclusion-enrichment effect
inside 2D nanosheet membranes remains unexplored. In this
study, we investigated ion transport across MoS, membranes by
combining experimental efforts with theoretical modeling. A
numerical model was developed to describe ion transport inside
the MoS, membrane. Specifically, we found that the exclusion-
enrichment effect induced by the extension of the EDL retarded
the diffusion of ions inside the MoS, membranes. Furthermore,
we explored the influence of convection (advection) on the
exclusion-enrichment effect of the EDL; we found that when
convective mass transport (induced by volumetric water flux)
becomes more dominant, the influence of EDL extension on

diffusive mass transport becomes weaker. Based on the results of
this study, we discussed the potential applications of MoS,
membranes and other 2D nanosheet membranes in the realm of
water and wastewater treatment. Future design strategies of 2D
nanosheet membranes are also discussed.

B MATERIALS AND METHODS

Synthesis of Molybdenum Disulfide Nanosheets and
Membranes. MoS, nanosheets were synthesized using a liquid-
phase exfoliation method.*>*® First, 500 mg of bulk MoS, powder
(Millipore Sigma, Burlington, MA, USA) was dispersed in S0 mL of
isopropyl alcohol. The prepared dispersion was then sonicated for 48 h.
The resulting dispersion was centrifuged (Eppendorf 5430R, Hamburg,
Germany) at 5000 rpm (G = 2600) five times, and the obtained
supernatant was collected and diluted with DI water after each
centrifugation step. After the centrifugation process was completed, the
resulting suspension was diluted to a concentration of 0.5 mg/mL and
stored for further characterization. Vacuum filtration was used to
fabricate the MoS, laminate membrane.** A polyvinylidene fluoride
(PVDF) membrane (Millipore Sigma, Burlington, MA, USA) with a
diameter of 47 mm and a pore size of 0.22 ym was used as the substrate
for fabricating the MoS, membranes. The thickness of the MoS,
membrane was controlled by the volume of the dispersion. The
fabricated MoS, membrane was stored in DI water for further
characterization.

Characterization of Molybdenum Disulfide Nanosheets and
Membranes. The hydrodynamic size distribution of the as-prepared
MoS, nanosheets was characterized using a Nano-ZS (ZEN 3600)
Malvern Zetasizer (Malvern Instruments, Inc., Worcestershire, UK).
Before size distribution characterization, the as-prepared MoS,
suspension (0.5 mg/mL) was diluted 100 times. The zeta potential of
the MoS, suspension at different pH values was also measured using a
Malvern Zetasizer. The pH of the MoS, suspension was adjusted using
0.1 M sodium hydroxide (NaOH) and hydrogen chloride (HCI)
solutions. The surface functional groups of the MoS, nanosheets were
characterized using a Thermo Scientific K-alpha XPS spectrometer
(Thermo Fisher Scientific, Ashville, NC, USA). Scanning electron
microscopy (SEM) images were obtained using a Hitachi SU8010 field-
scanning electron microscopy system (Hitachi High Technologies,
Tokyo, Japan). The material crystallographic structure was analyzed
using an X'Pert PRO Alpha-1 diffraction system (45 kV, 40 mA). Note
that the X-ray diffraction (XRD) pattern of the base PVDF membrane
substrate exhibits peaks that can potentially overlap with the peaks of
MoS,.>* Therefore, the MoS, nanosheets were vacuum-filtered on a
porous Anodisc alumina oxide membrane, which is 47 mm in diameter
and 0.2 ym in pore size (Whatman Nucleopore Corp., Clifton, NJ,
USA), for XRD analysis.

Evaluation of Molybdenum Disulfide Membrane Perform-
ance. The water permeability, water flux, and solute rejection of the
synthesized MoS, membranes were investigated using an Amicon
model 8010 dead-end filtration cell (Millipore Corp., Billerica, MA,
USA). The effective testing area of the filtration cell was 4.1 cm® The
membrane coupon was first loaded into the stirred filtration cell and
compacted under a pressure of 2 bar for 60 min using deionized (DI)
water. The applied hydraulic pressure was then reduced to 1 bar to
determine the membrane water permeability. The measurement was
run for 60 min, and the membrane water permeability was calculated
using

Jw
AP (1)

where A is the membrane water permeability, Jyy is the water flux, and
AP is the applied hydraulic pressure.

The membrane water flux and salt rejection were also characterized
using the filtration cell. The membrane water flux was first measured
using DI water as the feed solution. Before the measurement, the
membrane was compacted under a hydraulic pressure of 2 bar for 60
min. Then, the pressure was decreased to a predetermined value, and
the water flux measurement was run for 60 min. After that, the hydraulic

https://doi.org/10.1021/acsami.1c03832
ACS Appl. Mater. Interfaces 2021, 13, 26904—26914


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c03832?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

pressure was increased gradually, and the water flux was measured for
60 min for each predetermined hydraulic pressure value. Finally, the
hydraulic pressure was increased to 2 bar, and the corresponding water
flux was measured.

The membrane rejection of NaCl and Na,SO, was investigated. For
NaCl, feed solutions with a few different concentrations (1, 5, and 10
mM) were prepared, and the rejection of each solution was tested. For
Na,SO4 a 1 mM feed solution was prepared and used for the
experimental measurement. For each feed solution, the membrane was
first compacted under a hydraulic pressure of 2 bar for 60 min. Then,
the hydraulic pressure was reduced to a lower value to measure the salt
rejection, and the measurement was run for 60 min. After that, the
hydraulic pressure was increased to a predetermined value, and for each
hydraulic pressure value, the salt rejection was measured. Finally, the
hydraulic pressure was increased to 2 bar, and the salt rejection under
such pressure was also measured. In addition, the membrane water flux
was also measured under each hydraulic pressure. The salt rejection (R)
was determined by**

CP
R=|1-—2|x 100%
Cf

@)

where C; is the concentration of salt in the feed solution and C,, is the
concentration of salt in the permeate. The concentrations of the salt
solutions were determined using a conductivity meter.

Besides, the membrane mean pore size (d,) was also measured using
the same filtration cell. Polyethylene glycol (PEG) solutions with
different molecular weights (Mys) (Table S1) were used to measure d,,
and a detailed description is shown in the Supporting Information
(SI1). The membrane interlayer spacing obtained from XRD
measurements is an important parameter for understanding water
and ion transport inside the MoS, nanosheets; however, previous
studies suggested that defects inevitably exit inside the 2D nanosheet
membranes.'*® These defects are formed due to the imperfect stacking
during the fabrication of the membranes, and they can be larger than the
membrane interlayer spacing. Using the membrane mean pore size
obtained from the PEG rejection tests, these defects can be successfully
taken into account and their influence on mass transport can be well
studied.

Modeling of Salt lon Transport Across the Membrane. A
mathematical framework was constructed to describe the mass
transport process (the concentration profile of the MoS2 membrane
is shown in Figure S1). According to previous studies, the diffusion rate
of charged species is affected when the EDL thickness is comparable to
the size of the nanochannel.’” Additionally, the concentration of the
charged species is not homogeneous inside the EDL. A parameter
named the exclusion-enrichment coefficient (/) was defined to quantify
the influence of the extension of the EDL on the concentration and
diffusion rate of the charged species.*® The coefficient can be expressed

28
as

_ Cq _ Py
= cC P (3)

where Cgis the effective concentration, C is the bulk concentration, P4
is the effective permeability (by diffusion), and P is the permeability
when the EDL thickness is negligible (thus, the influence of the
electrostatic interactions on solute diffusion is negligible). The
extension of the EDL results in the exclusion of coions and the
enrichment of counterions; the f§ of the counterions is larger than unity,
and the f of the coions is smaller than unity. Regarding the salt
transport across the membrane, since electroneutrality needs to be
fulfilled, the transport rate of the coions equals that of the counterions.
Thus, the transport rate of salt can be represented by that of the coions
for a 1—1 salt. In this regard, the exclusion-enrichment coefficient of the
coions is examined.

The salt is transported across the membrane by both diffusion and
convection,'" and diffusion is influenced by the exclusion-enrichment
coefficient, as discussed. In addition, steric hindrance needs to be
considered since the Stokes radius of the ions can be at the same order
of magnitude as the dimension of the nanochannels inside the MoS,

membrane. The flux of the coion (J;.,) (as well as counterions) equals
that of the salt (Jg) for a 1—1 salt and can be calculated using the
following equation

de,,
]s = _ﬂDip dz + Ki(]wcco (4)
where D, is the effective coion diffusion coefficient in the membrane
pores, ¢, is the concentration of the coion, Ki_ is the hindrance factor for
convection, and Jy is the water flux. D;, can be given by

Dy, = KD, ©)
where K, is the hindrance factor for diffusion and D; is the ion diffusion
coefficient in bulk solution. The estimation of the hindrance factors is
shown in the Supporting Information (SI2). The boundary conditions
can be established as follows

z= OJ Co = Cco,O (63)
z= t! Co = cco,t (6b)

where t is the membrane thickness, ¢, is the coion concentration
inside the membrane at the membrane and feed solution interface, and
Ceoy 1S the coion concentration inside the membrane at the membrane
and permeate interface. As shown in Figure S1, the ion concentrations
inside the membrane are higher at the membrane and feed solution
interface than at the membrane and permeate interface. A generalized
equation for salt flux across the membrane can be obtained by
combining eqs 4 and 5 and using eqs 6aa and 6b6b as the boundary
conditions

K Jwt
Kif]wl:cco,o exp( ﬁD:: ] - Cco,t]

] =
* Xp[m] 3

#D,,

7)

In addition, the concentration profiles of the coion and counterion
inside the membrane can be calculated based on eq 4, and the detailed
calculation of the concentration profiles is shown in the Supporting
Information (SI4).

The electrical potential () inside the nanochannel can be calculated

using the Poisson—Boltzmann differential equation®”**

oy 2Fc | F
—5 = — sinh —
Ox £0€ yRT (8)

where x is the relative radial position inside the membrane nanochannel
(0<gx< rp), F is the Faraday constant, R is the ideal gas constant, T is
the absolute temperature, € is the permittivity of vacuum, and &, is the
dielectric constant of the medium. The electrical potential depending
on the radial position (x) inside the nanochannel can be determined
using the following boundary conditions

Vo = % (%2)

r

Vemar, = W0 (9b)

where y is the surface potential. The Debye—Huckel approximation
can be used to obtain a simpler exgression of the electrical potential
across the membrane nanochannel’

Vp—x
v, cosh( - )

78 o
0 cosh< P ) (10)

The relative electrical potential (compared to the surface potential of
the nanochannel wall, ;) can be obtained using eq 10. The EDL
thickness, which can be characterized by the Debye length (1p), is
related to the ion concentrations™

1/2
Iy = (srsokBT]

ZNAeZI (11)
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Figure 1. (a) Hydrodynamic size distribution of the as-prepared MoS, nanosheets. (b) Zeta potential of the MoS, nanosheet suspension at different
pH values. (c) XPS spectra of exfoliated MoS, nanosheets, indicating the presence of both the 1T phase and 2H phase of MoS,. (d) Schematic

illustration showing the fabrication procedure of the MoS, membrane.

a b

90

o

- -
N (o2}
o o
8
\
a
\
\
(o2}
o
T

A (L m?h"bar’)

IS
o
m
\

Water Flux, J,, (L m?2 h™)
o 3
_
Water Permeability,

00 05 10 15 20
Hydraulic Pressure, AP (bar)

@
g @ g @ O

N
o

EE'EI[;] E]DEI O @

N
o
T

(ol mo @ @ ]
o 1mME @
o 5mM

o 10mMm

NaCl Rejection (%)

o L 1 L L
0.0 0.5 1.0 15 2.0
Hydraulic Pressure, AP (bar)

Figure 2. (a) MoS, membrane pure water flux as a function of the applied hydraulic pressure. (b) MoS, membrane water permeability measured using
different feed solutions. The solution osmotic pressure was considered when calculating the membrane water permeability. (c¢) Membrane NaCl
rejection under different hydraulic pressure values. Three NaCl solutions with different concentrations (1, S, and 10 mM) were used as the feed

solution.

where kj is the Boltzmann constant, N is Avogadro’s number, e is the
electron charge, and I is the ionic strength. In addition, the surface
potential can be estimated using the measured zeta potential (£) by

assuming that the zeta potential was measured at a distance s (s = 1
17,41
m) !

" exP(_i) (12)

Note that the measured zeta potential represents the potential at the
shear plane rather than the potential on the surface itself.

B RESULTS AND DISCUSSION

Material and Membrane Characterization. The average
hydrodynamic size of the exfoliated MoS, nanosheets was
determined to be 825 nm by dynamic light scattering, as shown
in Figure la. The zeta potential of the MoS, suspension was
measured at different pH values (2 to 13), a negative zeta

26907

potential was observed throughout the entire measured pH
range, and generally, the zeta potential decreased with increasing
pH (Figure 1b). The XPS analyses (Figure 1c) indicate that
exfoliated MoS, contains a mixture of the metallic 1T phase and
semiconducting 2H phase.'”

The MoS, membranes were fabricated using a vacuum
filtration method (Figure 1d), and the synthesized membrane
had a layered structure (as illustrated by the cross-sectional SEM
image shown in Figure S3). The successful deposition of the
MoS, nanosheets onto the surface of the porous PVDF
membrane can be confirmed by comparing the morphologies
before and after vacuum filtration (Figures S2 and S3). MoS,
membranes with different thicknesses were synthesized by
varying the volume of the MoS, suspension. As listed in Table
S2, the thickness of the membrane increases with increasing
MoS, suspension loading. The thickness of MoS,-6 was
determined to be 3.6 ym from the cross-sectional SEM image
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Figure 3. Change in the exclusion-enrichment coefficient (/) of coions (Cl™) and membrane salt flux (J) with increasing membrane water flux (Jiy)
(bottom horizontal axis) and Péclet number (Pe;) of coions (C1~) (top horizontal axis) with NaCl feed solution concentrations of (a) 1, (b) S, and (c)

10 mM.

(Figure S3). By assuming that the measured thickness of the
membrane increases proportionally with increasing MoS,
suspension loading, the thickness of the other membranes can
be determined (Table S2). The XRD pattern of the as-prepared
MoS, membrane (Figure S4a) shows a relatively strong (001)
peak, from which the corresponding interlayer spacing was
determined to be 1.1 nm. This signifies the metallic 1T phase of
the membrane; in contrast, the thermodynamically stable 2H
phase results in a strong peak in bulk MoS, (Figure S4b),
suggesting an interlayer spacing of 0.62 nm.*”

Membrane Water and Salt Transport Properties. The
water permeability of the MoS, membranes was measured using
DI water as the feed solution. The membrane water permeability
decreased with increasing membrane thickness (Figure SS).
MoS,-1 and MoS,-6 possessed a water permeability of 687.8 L
m~>h™ bar™! (LMH-bar) and 78.1 LMH-bar, respectively. To
reduce the possibility of pinholes and defects, MoS, membranes
with relatively large thicknesses are desired to analyze the
transport properties.*’ In this regard, MoS,-6 with a measured
thickness of 3.6 um (Table S2) was chosen for further
investigation. For simplification, the MoS, membrane was
then used to represent the MoS,-6 membrane during the
discussion, unless stated otherwise. The water flux using DI
water as the feed solution was also measured under different
hydraulic pressures (up to 2 bar). From Figure 2a, the
membrane water flux increased linearly with increasing
hydraulic pressure, which indicates that the MoS, membrane
is physically stable, and the nanochannels inside the membrane
are rigid enough to withstand the applied pressure in this study.
In addition, the membrane water permeability was also
estimated using different feed solutions under a hydraulic
pressure of 1 bar. The water permeability was calculated by
considering the solution osmotic pressure (Ar)

_ ]W
A= AP Ax (13)

As shown in Figure 2b, the membrane water permeability was
constant regardless of the feed solution composition. This
suggests that the nanochannels inside the MoS, membrane are
stable in the solutions and are not influenced by the change in
the solution composition or ionic strength.”'

The measured NaCl salt rejection values of the MoS,
membrane under various hydraulic pressures are shown in
Figure 2c. For each feed NaCl solution concentration, the
membrane rejection was independent of the change in hydraulic
pressure (up to 2 bar), with only a slight fluctuation observed. It

26908

is also obvious from the figure that with the increase in the feed
NaCl solution concentration, the membrane rejection decreased
abruptly. When the feed NaCl solution concentration was 1
mM, the membrane rejection was approximately 45%. However,
when the concentration was increased to 10 mM, the membrane
rejection rapidly decreased to approximately 17%. The
membrane mean pore size was determined by measuring the
rejection of PEG under a hydraulic pressure of 2 bar. The
rejection results are shown in Figure S6. Based on the results, the
mean pore size of the MoS, membrane was determined to be
6.37 nm.

Enhancement Enrichment Effect under Different
Conditions. To better understand the salt rejection perform-
ance of the MoS, membrane, the exclusion-enrichment
coeficient (f3) of the coion (Cl7) was calculated using eq 7.
In addition, the Péclet number of the coion (Pe) was also
estimated for the different experimental conditions (different
hydraulic pressures and feed solution concentrations). The
Péclet number is defined as the ratio of the effective convection
to the effective diffusion of an ion in membrane nanochannels**
]wKicLe

Pe, =

D, (14)
where L, is the effective thickness of the MoS, membrane. The
effective thickness is defined as the ratio of the membrane

thickness to the membrane porosity,”” which can be estimated

based on the Hagen—Poiseuille equation*
rPZAP
Joo =
W sl (15)

where r, is the effective membrane pore radius and p is the
solution viscosity. The membrane pure water flux under
different hydraulic pressure values was used to calculate the
effective membrane thickness, and the average value was taken
(Table S3).

Since the Péclet number reveals the relative importance of
convection and diffusion, by calculating the Péclet number, the
effect of convective mass transport on the enhancement
enrichment effect can also be examined. Figure 3 shows the
change in the exclusion-enrichment coefficient (/) of coion and
membrane salt flux (J5) with increasing membrane water flux for
different NaCl feed solution concentrations. It is obvious that for
all the feed solution concentrations, with the increase in the
water flux, the salt (NaCl) flux also increases. In addition, the
increase in the water flux means that the contribution of
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Figure 4. Radial concentration profiles across the MoS, membrane nanochannel with NaCl feed solution concentrations of (a) 1, (c) S, and (e) 10
mM. The concentration is normalized relative to the bulk ion concentrations inside the nanochannel. Radial electrical potential across the MoS,
membrane nanochannel with NaCl feed solution concentrations of (b) 1, (d) S, and (f) 10 mM. The electrical potential is normalized relative to the
surface potential (the electrical potential at positions 0 and 1). An average membrane nanochannel diameter of 6.37 nm was used.

convection to the overall salt transport increases, which can be
indicated by the increase in Pe. The increase in f with the
increase in the membrane water flux (or the increase in Pe;)
implies that the exclusion-enrichment coefficient of the coion
became weaker. From eq 4, the exclusion-enrichment effect
reduces the coion diffusion rate by introducing a retardation
factor (f < 1). However, it was previously uncertain how
convection influences the exclusion-enrichment effect. In Figure
3a, ff increased from 0.03 to 0.26 when the water flux increased
from 21.6 to 165.0 LMH (Pe; increased from 0.07 to 0.56),
suggesting that the coions diffuse faster when the water flux was
larger. The increased salt flux with increasing Péclet number was
a result of both enhanced diffusive (by increasing ) and
convective (by increasing water flux) mass transport.

The feed solution concentration has a substantial influence on
the exclusion-enrichment effect. For example, a water flux of 100
LMH resulted in a Péclet number of approximately 0.34 for the
NaCl solution; under such conditions, when the NaCl feed
solution concentration was 1, 5, and 10 mM, the exclusion-
enrichment coefficient (/) was estimated to be approximately
0.16, 0.25, and 0.50, respectively (Figure 3). The increased 8
value obtained with increasing feed solution concentration
indicates that the exclusion-enrichment effect becomes weaker
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at higher feed solution concentrations. It was demonstrated that
the overlapping EDL can increase the diffusion time of charged
species across the nanochannels; additionally, a further increase
in the EDL thickness (by decreasing the solution concentration
and ionic strength) further reduced the diffusive solute flux by
enhancing the electrostatic interactions between the charged
species and the walls of the nanochannels.’® In this study, at
lower feed solution concentrations, the ion concentrations
inside the membrane were also lower, and the EDL thickness
was larger, which led to enhanced electrostatic interactions and
lowered diffusive ionic flux.

Note that the exclusion-enrichment effect is also ion-specific.
The exclusion-enrichment coeflicients were also calculated
when the 1 mM Na,SO, solution was used as the feed solution.
From Figure S7, the Péclet number was estimated to be 0.65
when the water flux was set to 100 LMH, which was different
from the case when the feed was the NaCl solution. The
abovementioned difference was caused by the different steric
hindrances resulting from the different coions (since the
different ions have different radii, as shown in Table S4),
according to eq 14. In addition, it should be noted that the
Na,SO, solution was used for experimental insights only, as the
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mass transport models developed in this study are limited to 1—
1 salt solutions.

Mechanistic Insights. The exclusion-enrichment effect is
largely influenced by the ion concentrations inside the MoS,
membrane, as discussed. Hence, the ion concentration profiles
were estimated to further study the mechanisms responsible for
ion transport through the MoS, membrane. Steric exclusion and
Donnan exclusion were considered during the estimation of the
ion concentrations across the membrane, and a detailed
description of the calculation procedure is listed in the
Supporting Information (SI4). According to the ion concen-
tration profiles across the MoS, membrane (Figure S8), the
counterion (Na*) concentration is higher than the coion (Cl7)
concentration since the MoS, membrane has a negative
volumetric charge density. Additionally, a concentration
gradient is formed across the membrane for both the counterion
and coion.

The change in electrical potential across the membrane
nanochannel can be estimated using eq 10. Furthermore, the
local ion concentration change across the nanochannel (0 < x <
r,) can also be estimated using the local electrical potential.”’
The calculated concentration profiles (Figure S8) can identify
the local ion concentrations across the MoS, membrane
thickness (the z-direction); however, the concentration change
across the membrane nanochannel (along the x-direction)
cannot be seen from the concentration profiles, and thus, the
exclusion-enrichment effect cannot be fully explained. Here, the
ion concentration change across the membrane nanochannel
was calculated using the Boltzmann distribution®®

Cx ( ll/x ]
— = exp| —zie——
c kyT (16)

where z; is the valence of the ion.

The (normalized) concentration and potential distributions
along the membrane nanochannel are shown in Figure 4 for the
different feed solution concentrations. From the figure, the
electrostatic exclusion of coions and enrichment of the
counterions due to the extension of the EDL are indicated by
the change in the radial concentrations of the ions. The
counterion concentration is enhanced near the surface of the
nanochannel and gradually decreases when moving close to the
center of the nanochannel. However, the counterion concen-
tration is still higher than the bulk concentration. For the coions,
their concentration is the lowest on the surface of the
nanochannel and gradually increases when moving close to
the center of the nanochannel. Whereas the coion concentration
at the center of the nanochannel is still lower than the bulk
concentration. The weakening of the exclusion-enrichment
effect with the increase in the feed solution concentration can
also be observed from the change in the ion concentrations.
When the NaCl feed solution concentration is 1 mM (Figure
4a), the counterion and coion concentrations at the center of the
nanochannel are 2.21 and 0.45 times the bulk concentrations,
respectively. As the feed NaCl solution concentration increases
to 10 mM (Figure 4e), the counterion and coion concentrations
at the center of the nanochannel become 1.69 and 0.59 times the
bulk concentrations, respectively. More importantly, when the
feed NaCl solution concentration is 500 mM (Figure S9), the
ion concentrations in most parts of the nanochannel equal the
bulk concentration, implying the absence of the exclusion-
enrichment effect in these positions.

The weakening of the exclusion-enrichment effect with
increasing NaCl feed solution concentration can also be
indicated by the degree of electrical potential decay. When the
NaCl feed solution concentration equals 1, 5, and 10 mM, the
electrical potential at the center of the nanochannel becomes
0.95, 0.78, and 0.62 times the surface electrical potential,
respectively (Figure 4b,d,f). However, when the feed solution
concentration increases to 500 mM (Figure S9), the electrical
potential at the center of the nanochannel becomes almost zero,
suggesting a much faster potential decay rate under such
conditions, that is, at the central part of the nanochannel, the
coions can transport freely with no electrostatic interactions that
need to be considered.

Note that many previous studies assumed that the interlayer
spacing of 2D nanosheet membranes acts as free space for mass
transport, and the membrane molecular cutoff can be controlled
by adjusting the membrane interlayer spacing.'** However,
based on the results obtained from this study, there is a
difference between the measured MoS, membrane mean pore
size (using PEG rejection tests) and the determined interlayer
spacing (using XRD results). This suggests that defects
inevitably form during poorly controlled membrane fabrication
processes, and these defects can have a non-negligible influence
on water and solute transport across the membrane.**** From
Figure 4, it is clear that the nanoporous defects (size of a few
nanometers) caused by the nonperfect stacking of the 2D
nanosheet during the membrane fabrication can maintain a quite
strong exclusion-enrichment effect. The ion transport inside the
interlayer spacing can have an even stronger exclusion-
enrichment effect since the interlayer spacing is even smaller
than the membrane mean pore size. To further evaluate how the
larger defects (with diameters larger than 10 nm) influence the
exclusion-enrichment effect inside the 2D MoS, membrane, we
calculated the normalized concentration distributions along the
membrane nanopores of different sizes. As shown in Figure S10,
nanopores with a diameter of 10 or 20 nm can effectively enrich
counterions and exclude coions. The exclusion-enrichment
effect only starts to diminish when the diameter of the nanopore
increases to larger than S0 nm. Thus, a strong exclusion-
enrichment effect can still be maintained inside defects with sizes
of a few tens of nanometers in 2D nanosheet membranes.

An alternative way to describe the mass transport across the
MoS, membrane is using the extended Nernst—Planck equation,
which accounts for diffusion, convection, and electromigration49

de, F d

J= =Dy + Ky ziciKiCEd—llzl )
where J; is the ion flux (which equals the salt flux J in this study).
The detailed description of the Donnan steric pore model
(DSPM) based on the extended Nernst—Planck equation is
listed in the Supporting Information (SIS). The salt (NaCl) flux
across the membrane was estimated using the DSPM and
compared with the experimental values (Figure S11). From the
figure, when the water flux (and Péclet number) is low, there is a
huge difference between the model and experimental salt flux
values; with the increase in the water flux, the difference
becomes smaller. Generally, the DSPM overestimated the salt
flux across the membrane. This might be caused by the fact that
the DSPM, which is based on the extended Nernst—Planck
equation, cannot comprehensively capture the physics of the
solute transport process through the membrane. In the case of
the 2D membranes, the extension of the EDL largely influences
the interactions between the solute and the wall of the
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nanochannel; however, the DSPM is incapable of fully
accounting for the influence of the EDL on the ion transport.
When the water flux is low, the exclusion-enrichment effect is
strong, and there is a huge difference between the model and
experimental salt flux values (the difference can be larger than
60%). With the increase in the water flux, the exclusion-
enrichment effect becomes weaker due to the enhancement of
convection. First, the increase in water flux can significantly
increase the overall ion flux by enhancing convective transport of
ions. Second, the increased water flux may displace the shear
plane. As a result, the difference between the model and
experimental salt flux values becomes smaller.

The exclusion-enrichment coefficient (f) can also be
calculated theoretically by estimating the average radial coion
concentration over the MoS, membrane nanochannel*’

Py
I3 cosh[zj ]
1 Tp D 1
p= —f exp| —ze————————— |d«
r.Jo cosh(%) kyT

P
(18)

Note that the exclusion-enrichment coefficient calculated
using the abovementioned equation does not consider the
influence of convective mass transport. Hence, the estimated
coefficients are the theoretically lowest values, and the
experimental values obtained from the pressure-driven mem-
brane system measurements should be higher than the
calculated values. As shown in Figure S, the theoretical
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Figure 5. Change in the exclusion-enrichment coefficient (/) of coions
(CI") with increasing NaCl feed solution concentration for different
Péclet numbers (Pe;) of coions (Cl7). The exclusion-enrichment
coefficient (/) when the Péclet number (Pe;) equals O (the black curve)
was calculated using eq 1S. The exclusion-enrichment coefficient ()
values when the Péclet number (Pe;) is larger than 0 (the dots
connected by straight lines) were obtained using eq 7 with experimental
salt and water flux values.

exclusion-enrichment coefficient (f) with a Péclet number
(Pe)) of 0 increases with increasing NaCl feed solution
concentration. The exclusion-enrichment coeflicient values
fitted using the experimental data also increase with increasing
feed solution concentration; at the same feed solution
concentration, a larger Pe; value leads to a larger exclusion-
enrichment coefficient. It is thus concluded that the theoretical
values are in accordance with the experimental fitted values in
this study. Additionally, both the shrinkage of the EDL thickness
(i.e., increase in the feed solution concentration) and increase in
convective mass transport can weaken the exclusion-enrichment
effect.

Implications on 2D Membrane Design and Applica-
tions. 2D nanosheet membranes have been extensively studied
for water and wastewater treatment in recent years; however, the
transport mechanisms inside 2D nanosheet membranes are far
from being fully understood. This study shows that due to the
well-defined structure and the spatial confinement inside the
nanochannels of the 2D nanosheet membrane, the EDL inside
the membrane occupies a significant portion of space and can
overlap in many cases. The results from this study indicate that
the extension of the EDL inside the nanochannels of MoS, can
significantly influence ion transport by inducing a strong
exclusion-enrichment effect. Although nanofluidic devices that
can completely block ions by steric exclusion are possible,”” the
stacking of the 2D nanosheet membranes will inevitably form
numerous nanochannels that are large enough for ion and
molecular transport. The electrostatic interaction between the
ions (and charged molecules) and the nanochannels can be
utilized to design membrane processes with enhanced solute
retention. For example, low pressure-driven processes can be
used to achieve high retention of charged species, while energy-
efficient solute—solute separation can potentially be achieved
using 2D nanosheet membranes.’

Nevertheless, it is also beneficial to recognize the limitations
of 2D nanosheet membranes. It is a daunting task to use 2D
nanosheet membranes for seawater desalination and achieve the
performance and efficiency of state-of-the-art TFC mem-
branes.”” Under such high ionic strength, steric exclusion is
like to be the sole ion retention mechanism since the EDL
thickness is negligible compared to the size of the nanochannel,
and the coions can freely transport across the nanochannels with
little electrostatic repulsion. In addition, the existence of defects
increases the water flux and thus further weakens the exclusion-
enrichment effect by increasing the convective mass transport.
Hence, it is important to screen the appropriate applications
suited to the properties of 2D nanosheet membranes. The
retention of charged large molecules under relatively low applied
hydraulic pressures can be a promising application for these
membranes. The large size of the large molecule can increase the
steric exclusion of the membranes, which is an additional benefit.
In addition, the unique properties of 2D nanosheet membranes
might be translated to applications such as contaminant
adsorption™ and degradation.” The fast water transport rate
and the confinement effect can potentially lead to high-efficiency
contaminant adsorption and degradation. Additionally, the
strong exclusion-enrichment effect induced by the restacking of
2D nanosheets can increase the electrostatic interaction
between the nanochannel and target species.

Since the exclusion-enrichment effect is highly related to the
surface properties of the membrane nanochannel, synthesizing
membranes using 2D nanosheets with increased surface charge
densities can enhance the exclusion-enrichment effect. This can
be carried out by introducing additional functional groups onto
the surface of the 2D materials."” Alternatively, using charged
molecules as spacers between 2D nanosheets is an effective
approach to increase the volumetric charge density of the overall
membrane.”> Regarding the membrane fabrication process,
bottom-up approaches with molecular-level precision can
significantly increase the membrane transport properties by
reducing the possibility of defects. Although the exclusion-
enrichment effect can still be maintained inside defects with
diameters of tens of nanometers, a 2D nanosheet membrane
with well-regulated nanochannels can boost both steric
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exclusion and electrostatic exclusion to ensure an even higher
performance of the membrane.

B CONCLUSIONS

This study initiates a quantitative investigation of the exclusion-
enrichment effect in a 2D MoS, membrane and its influence on
salt transport. In addition, how convective mass transport can
affect the exclusion-enrichment effect in the membrane is
quantified. The conclusions obtained from this study have
profound meaning toward the future design and application of
2D membranes in water and wastewater treatment. From this
study, when treating feed solutions with relatively low total
dissolved solids, the strong exclusion-enrichment effect of the
MoS, membrane (indicated by the low ff value) can significantly
retard the diffusion of salt ions, especially when the applied
hydraulic pressure is low. A direct consequence is that the
retention of these charged species can be enhanced under such
operating conditions. Based on the results from this study,
charged solute separation under low pressure operations might
be promising applications for the 2D nanosheet membranes.
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