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ABSTRACT: This work addresses a key challenge of tailoring the
ion selectivity of a thin-film composite nanofiltration membrane to
a specific application, such as water softening, without altering the
water permeability. We modified the active surface of a commercial
NF270 membrane by molecular layer deposition (MLD) of
ethylene glycol-Al (EG-alucone). With increasing deposition
cycles, we found that the MLD precursors first infiltrated and
deposited in the active layer of NF270, then inflated the active
layer, and finally deposited on the surface as a distinct EG-alucone layer. The deposition process changed the morphology of the
membrane active layer and decreased the overall density of its fixed negative charge by embedding the positively charged EG-
alucone. Filtration experiments revealed that these modifications affected the ion separation properties of the membrane without
significantly hindering the water permeability. Specifically, the permeation of Na+ increased relative to that of Mg2+, as indicated by
the permselectivity of Na+ salts over Mg2+ salts. The changes in permselectivities with an increasing number of MLD cycles were
rationalized using the dielectric, steric, and electrostatic ion exclusion mechanisms, which are related to the membrane material, pore
size, and fixed charge, respectively. These relations open a path for the rational design of nanofiltration membranes with tailored
selectivity by tuning the properties of the MLD layer. Filtration results of natural brackish groundwater using the MLD modified
membranes agreed with the single salt experiments. As a result, water hardness was 26% lower for the permeate obtained using the
MLD-modified membranes, which were found stable even during a 24 h filtration run. These results highlight the practical potential
of this approach in enhancing water softening efficiency.
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1. INTRODUCTION

Ion-selective nanofiltration (NF) has potential use in
applications such as wastewater reuse, industrial water
treatment, water softening, and resource recovery.1−4 Water
softeningthe removal of bivalent cations from water to avoid
mineral precipitationis heavily applied in many industries
and has a projected global market value expected to exceed ten
billion USD by 2024.5 Currently, water softening is conducted
mainly via induced chemical precipitation and ion exchange,
both involving intensive chemical use.6 NF, an economic,
chemical-free, and low energy intensity membrane separation
process, is a viable alternative technology for water softening
because NF membrane properties can further be tailored to
selectively permeate monovalent ions while retaining multi-
valent ones to the desired extent.7,8 Researchers used
polyelectrolyte multilayers,9−12 graphene oxide/carbon nano-
tubes,13,14 and copolymer micelles15 to tune the selectivity of
NF membranes. In most cases, the modification of the active
layer added thickness or tightened the morphology of the
membrane, adding resistance to water transport and reducing
water permeability.9 This trade-off16,17 between ion-selectivity
and water permeability impedes the development and practical
implementation of ion-selective NF.18 Alternatively, ion

selectivity with minimal hindrance to water transport can be
attained by minimizing the active layer thickness (while
maintaining its uniformity), and by tuning the surface
electrostatic charge type and density.
Metal oxides have a pH-dependent native surface charge in

aqueous solution. Thin and uniform layers of metal oxides,
hallmarks of layers deposited by atomic and molecular layer
deposition (ALD, or MLD),19−22 ensue these techniques
promising routes to tailor membranes’ surface properties to a
specific application.8,23−27 In comparison to ALD, MLD of
organic−inorganic layers, such as alucones, has several
potential advantages for coating membranes for water
treatment: (1) the softer and more elastic nature of alucones
have a better elastic matching with polymeric layers, which
improves their stability;28,29 (2) when soaked in water, alucone
layers become porous with a sub-nm pore size that is
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comparable to that of NF membranes.30 As a result, alucone
layers are not expected to tighten the membrane and hinder
water transport. Yet, to date, we could find only three
reports31−33 on filtration membrane modification using MLD.
In these publications,31−33 a titanicone layer was deposited on
the ceramic ultrafiltration membrane (pore size ∼ 30 nm) to
transform it into a ceramic NF membrane (pore size 0.5−2
nm). An improvement in salt rejection and molecular weight
cutoff was attained, showing the aptitude of this approach;
however, the intercationic selectivity was not addressed.
In view of ion-selective NF for water softening, tuning the

surface charge of the active layer is pivotal. In the current work,
we used MLD to deposit aluminum-ethylene glycol (EG-
alucone), a positively charged organic−inorganic layer, on a
thin-film composite NF membrane (NF270), which is
negatively charged.9 We tested the applicability of the modified
NF270 membranes to real brackish water softening. Addition-
ally, we gained insight into the underlying ion selectivity
mechanism by measuring the selectivity between Na+ and
Mg2+-based salts,10,13,34,35 and tested the stability of the
membrane under continuous operation up to 24 h.

2. MATERIALS AND METHODS
The details of materials and chemicals are given in the Supporting
Information and a brief description of the MLD of EG-alucone and
the filtration process are given below.
2.1. MLD Process. The as-received NF270 membrane samples

were directly subjected to MLD of EG-alucone in a GEMSstar XT
benchtop ALD reactor chamber (Figure S1) at 40 °C. To maintain
reproducibility, a similar area (5 × 10 cm2) of the membrane was
coated every time. Before starting the deposition, the membranes
were kept in the chamber for 10 min under continuous 10 SCCM
flow of Ar (99.999%). Each MLD cycle consisted of (1) 21 ms
trimethylaluminium (TMA) pulse, (2) 60 s Ar purge, (3) 1000 ms EG
pulse, and (4) 60 s Ar purge (Figure S2a, detailed in Supporting
Information-section B). These steps were repeated for the desired
number of cycles. Henceforth, the membranes are referred to in
accordance with the number of MLD cycles used: “0 cycles”
corresponds to the pristine NF270, and “X cycles” corresponds to
the NF270 membrane modified with X MLD cycles. Postdeposition,
the membranes were kept in water for at least three days to ensure
complete conversion of the alucone to stable alumina.19,30 The surface
morphologies of the MLD-coated NF270 membranes were
characterized using scanning electron microscopy (SEM using
VERIOS XHR 460L, with samples coated by a ∼5 nm Ir layer)
and atomic force microscopy (AFM), while the chemical changes due
to MLD were monitored using attenuated total reflectance Fourier
transform infrared spectroscopy (ATR−FTIR) and X-ray photo-
electron spectroscopy (XPS). The zeta potentials and the water
contact angles of these modified membranes were also measured. The
details of all of these characterizations are given in the Supporting
Information.
2.2. Filtration Experiments and Subsequent Analysis. The

pure water permeability and the single salt (MgSO4/Na2SO4/MgCl2/
NaCl) rejections were monitored using a crossflow filtration setup
(Figure S14, further details in the Supporting Information) at 4 bar.
Post MLD modification, the membranes were soaked in deionized
water for 3 days and were compacted in the crossflow cell for 1 h at 3
bars before the filtration measurements. For all filtration experiments,
the water flux through the membrane was determined according to
the measured weight of the permeate (eq S1) and the water
permeability of the membranes was determined from the pure water
flux (eq S2). In the single-salt rejection experiments, the
concentrations of the salts and the pH of the initial feed solution
were 2 g·L−1 and 5.5 ± 0.1, respectively. Here, the observed rejection
(Ro) of each salt was obtained from the measured electrical
conductivities (using EUTECH conductivity meter-CON700) of

the respective feed and permeate solutions (eq S3). Each measure-
ment was repeated three times, each time with a new membrane and
fresh salt solution.

The filtration performances of these membranes were also tested
for a real brackish water feed (1 L, 4 bar) using the same filtration set-
up as described above. Before the filtration experiment, the as-
received brackish water (Table S4, collected in Israel’s southern
district) was filtered using a Whatman filter paper and then the pH
was adjusted (from original pH 6.9) to 5.8 using HCl. The Ro for each
ion was determined from its measured concentrations (determined by
inductively coupled plasma-atomic emission spectroscopy) in both
feed and permeate (eq S4).

To decouple membrane transport phenomena from concentration
polarization effects, the real salt passage, and the real rejection (Rr)
were determined for each salt from Ro and the mass transfer
coefficient (k) according to eq 1. For each salt “i”, ki was calculated
from kMgSO4

, which was estimated by an independent set of
experiments as detailed in the Supporting Information (Section
D2). The real (i.e., decoupled from concentration polarization) salt
passage and real selectivity (αj

i)9,10 of sodium salt “i” over magnesium
salt “j” were then obtained from eqs 1 and 2, respectively.
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3. RESULTS AND DISCUSSION
3.1. Morphology of the MLD-Modified NF270 Active

Layer. The surface of the pristine NF270 membrane, which
contains a thin active piperazine-based semi-aromatic poly-
amide active layer (20−30 nm)36 over a polysulfone support
layer and a polyester-based fabric support,37 changes
significantly with progressive MLD cycles. Plan view SEM
images after 5, 10, 25, 35, and 50 MLD cycles reveal that the
pristine membrane surface is made of smooth granules (Figure
1a) that after 5 MLD cycles (Figure 1b) are mostly unchanged
but appear coated with small nanometer-scale particles. At 10
MLD cycles (Figure 1c), large agglomerates with irregular
shapes are apparent on top of the granulated surface, while a
membrane coated with 25 MLD cycles has partly elongated
and partly granulated regions (Figure 1d). The elongated
features stem from interactions between the membrane
substrate to the deposited layer or its components, as EG-
alucone deposited (50 cycles) on a glass slide (hard substrate)
had only spherical particles (Figure S6). At 35 MLD cycles
(Figure 1e), the surface is mostly coated with elongated
structures (width of 30−40 nm, and a length of 100−400 nm),
and finally, at 50 cycles (Figure 1f), the elongated structures
appear shorter, more irregular shaped, and more densely
packed than at 35 cycles. Similar structural features appear in
the AFM topography scans of the hydrated membranes
(Figure S5) and confirm that the changes are not a result of
drying (during SEM) the membrane. A detailed account of the
topographic AFM analysis is given in the Supporting
Information (Section C3).
Cross-section SEM images show that after 25 cycles of

MLD, the active layer of the membrane becomes smooth and
thicker (Figure 2C−E) than the pristine one (Figure 2A,B).
This inflation indicates that the EG-alucone precursors
infiltrate and deposit inside the active layer. The SEM images
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(Figure 2C−E) also show that threads from the supporting
layer become intertwined within the modified active layer,
which suggests that the elongated shapes observed in hydrated
AFM and plan view SEM are threads of the polysulfone
support, exposed because of the MLD process. This hypothesis
is supported by XPS measurements, as well as filtration results
detailed in the sections below.
3.2. Composition of the MLD-Modified NF270 Active

Layer. During the MLD process, the TMA can react with
several probable active sites: (i) amides of NF270; (ii)
carboxylic groups;37 (iii) hydroxyl groups of EG. The reactions
occur in parallel, but the dominance of each reaction varies as
the MLD progress, as described herein. The Al to S (present in
the polysulfone support) ratio increases linearly with increased
MLD cycles (measured by EDS; Figure S7), while the S
concentration within the electron beam excited depth (which
is a few μm) is roughly constant, indicating a linear growth in
Al content with progressive MLD cycles as expected. However,
unlike in standard alucone MLD reactions, where both Al and
O content increase jointly, on NF270 membranes, the surface
concentration of O reduced after 5 MLD cycles, and only then
gradually increased with further MLD cycles (surface
concentration within the top ∼10 nm was measured by XPS;
Supporting Information, Section C6, Figures S10c). This

possibly indicates that in the several initial MLD cycles, a
reaction (or reactions) of the precursors with the membranes’
functional groups is more dominant than a reaction between
TMA and EG. Last, as MLD progresses, the S 2p XPS
spectrum reveals an increase in the S surface concentration
(Figure S10b), with a second peak appearing at binding energy
∼172−173 eV (Figure S10a). We assign these peaks to the
polysulfone support layer and the growth in S concentration to
the changes in the membrane morphology, which exposes
polysulfone threads to the X-ray beam as the MLD progresses.
This assignment aligns with our SEM and AFM observations
discussed above.
The variances in the FTIR spectra (Figure 3a,b; the

penetration depth of an evanescent wave with a wavenumber
of 3000 cm−1 into the membrane at the Ge/membrane
interface is ∼150 nm) of MLD-modified NF270 with respect
to pristine NF270 suggests that in the first 5 MLD cycles,
TMA reacts with functional groups of the active layer and that
EG deposits in the active layer. We observed a gradual decrease
in the 2600−3600 cm−1 peaks intensity with increased MLD
cycles but mostly in the higher wavenumber region that is
associated with N−H bonds; an increase (Figure 3b) in the
δs(CH3) overtone (2700 cm−1), which is commonly observed
in the deposition of EG-alucone using TMA; and an increase
in −CH2 stretching bands (2852 and 2923 cm−1), which we

Figure 1. SEM images of the NF270 membrane surface with a
sequential increase in coating cycles of EG-alucone. (a) Pristine
NF270 membrane exhibit a granular surface texture, with a smooth
granule surface. (b) After 5 cycles of MLD, the granules become
rougher and small spots of a few nanometer scale can be seen
uniformly throughout the surface. (c) Larger nucleation spots can be
seen after 10 cycles, alongside the granulated membrane surface. (d)
After 25 cycles, elongated shapes (polysulfone threads, marked by
bold white arrows) appear along with spherical particles and the
granulated membrane underneath. (e) After 35 cycles of MLD, the
granulated surface of the NF270 is not apparent, rather the surface
seems uniformly coated EG-alucone structures, both elongated and
isotropic. (f) At 50 cycles, the surface is coated with densely packed
elongated particles. Prior to imaging, the membranes were placed in
water for at least three days, dried (at room temperature, no vacuum)
and coated with Ir. Only contrast and brightness were modified in the
images (using Adobe Photoshop CS6).

Figure 2. Cross-sectional SEM images of pristine and coated
membranes. (A) Uncoated NF270the polymeric threads of the
porous polysulfone support layer are seen. The threads have a cross-
section diameter of 30−50 nm. (B) Magnified region of the area
bracketed in (A), showing the continuous active layer on top of the
porous support. (C) NF270 coated with 25 cycles of EG-alucone. The
porous support is seen together with a dense layer at the top of the
membrane. (D) Magnified image of the bracketed region in (C)
showing the dense layer is 100−200 nm thick. (E) Magnified image of
the dense layer in (D) showing threads (bold white arrows) are
intertwined with the dense layer at the top of the membrane. Prior to
imaging, the membranes were placed in water for at least three days
and dried. The dried samples were fixed to a glass substrate (using
epoxy) with the active layer facing the glass, the glass slide was broken
and the sections produced were coated with Ir and subjected to SEM
imaging. The cross-sectional SEM images of the 5 and 50 MLD cycles
modified NF270 membranes are shown in Figure S4.
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assign to EG.19,38,39 The increase in −CH2 stretching band
intensity after five MLD cycles are smaller in comparison to
the intensity decrease of N−H peaks, which suggests that in
the first five cycles, TMA reacts with functional groups of the
active layer. In comparison, the large change in −CH2
stretching bands after 25 MLD cycles (Figure 3a), indicates
deposition of EG in or on the active layer, which is further
supported by the increase in oxygen surface concentration
found by XPS (see increased peak area in Figure S10c).

Therefore, it seems that after 25 MLD cycles, the precursors of
the MLD react with both the OH groups of EG and N−H
groups of the piperazine. Further research of the exact reaction
path, for example, by in situ FTIR, quartz crystal microbalance,
and solid-state nuclear magnetic resonance spectroscopy (of
13C, 2H, 15N, 18O)40 will be useful to pinpoint the stage at
which the transition from reaction with active layer groups to
EG groups take place.
In light of the above results, we suggest that there are three

stages along the MLD process: stage 1 (<10 cycles)
nucleation by the reaction of TMA with the active layer
functional groups, with minimal change of the morphology.
Stage 2 (10−35 cycles)Both EG-alucone deposition and
transformation of the membrane active layer morphology
occur and result in partial exposure of the supporting
polysulfone threads. Stage 3 (>35 cycles)coating of the
modified surface and EG-alucone layer growth. As the EG-
alucone layer becomes thicker its registration with the
membrane texture (i.e., threads) weakens, and the elongated
surface features become less prominent, irregular, and smaller.
Our results are in agreement with previous work by Parsons
and co-workers, who found that during ALD of Al2O3, TMA
penetrates amide polymers and reacts with sub-surface
functional groups.41 Whereas for other materials and operating
conditions (e.g., ALD of TiO2 at ∼100 °C,31,37), uniform
coating with no infiltration was reported. This points to the
complexity of ALD/MLD on polymeric materials, which is a
topic of ongoing research.41−46 In this work, we observed
significant changes in the morphology of the membrane active
layer, which occurred at distinct MLD cycles along the
deposition process and subsequently influenced the filtration

Figure 3. ATR−FTIR absorbance spectra for the hydrogen bond
region of NF270 and EG-alucone coated NF270 membranes. (a) C−
H, N−H, and hydrogen bond region spectra of NF270 (black trace),
NF270 coated with 5 cycles (blue trace), and 25 cycles (red trace) of
EG-alucone. (b) Difference FTIR spectra of NF270 coated with 5
cycles (“5-NF270”; blue trace) and 25 cycles (“25-NF270”; red trace)
of EG-alucone from the NF270 spectrum. All spectra were recorded
with the Ge ATR crystal at an incidence and collection angle of 60°
and a resolution of 4 cm−1. At least 256 scans were averaged in each
spectrum. Bare ATR crystal was used as a background. The
membranes were soaked in water for three days the FTIR
measurement. The small peaks at 3400−3600 cm−1 are due to
water vapor in the measurement path not completely subtracted.

Figure 4. (a) Zeta potential of the membranes as a function of solution pH, (b) water permeability (at 4 bar), and the real salt passages (at 4 bar)
for the (c) Cl− based and (d) SO4

2− based salts for membranes modified with varying MLD cycles. The marked numbers in the zeta potential plot
are the IEPs. Post MLD modification, the membranes were soaked in water for 3 days before the zeta potential measurement at 23 °C (room
temperature). The errors of zeta potential data are directly obtained from the analyzing instrument. In fig c and d, the salt concentration in feed
solution2 g·L−1, feed solution pH5.5 ± 0.1, temperature23 ± 1 °C, crossflow velocity23 cm·s−1. The errors on water permeability are the
standard deviations associated with three independent repetitions of each measurement using fresh membrane each time. The errors on the salt
passages are the propagated ones obtained from the standard deviations of Ro.
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performances of the membranes as described below in Section
3.4.
3.3. Hydrophilicity and Surface Charge. The zeta

potential measurement (indicating surface charge) of NF270 is
well-reported in the literature.47 Based on the pKa values of the
surface functional groups, at a pH < iso-electric point (IEP),
the functional groups of the active layer are protonated (R-
COOH and R-NH3

+), while above the IEP, they are
deprotonated (R-COO− and R-NH2). This explains the
negative charge on the NF270 membrane at pH > 4.0. EG-
alucone is converted to positively charged (IEP ∼ 948) alumina
when soaked in water for ∼3 days. Hence, the surface charge of
the EG-alucone modified NF270 membrane becomes more
positive and the corresponding IEP shifts toward higher values.
The uncoated/unreacted functional groups of the NF270
active layer as well as the deposited EG-alucone both are
expected to contribute toward the surface charge of the MLD
modified membrane and hence, with increased MLD cycles,
the membrane surface charge should be shifted to positive.
Indeed, at the pH (5.5 ± 0.1) of the feed solution in the
following filtration experiments, the zeta potential of pristine
NF270 membrane gradually changed toward positive values
with an increase in MLD cycles (Figure 4a). Interestingly,
while the pristine membrane had an IEP of 4.0, in agreement
with previous reports,9,37 the IEP of the modified membranes
gradually shifted with progressive MLD cycles until it reached
∼6.4 after 25 MLD cycles (Figure 4a). The filtration results of
different cations (as described and discussed in Section 3.4.2)
although suggests a continuous increase in the membrane
positive surface charge beyond 25 MLD cycles, but we did not
observe any further corresponding increase in the IEP.
Nevertheless, the higher zeta potential was measured at 50
cycles over 25 cycles at pH > IEP, supporting the addition of
positive charge, which was not probed by the streaming
potential measurement at lower pH. MLD of EG-alucone also
resulted in lowering the membrane hydrophilicity, as the water
contact angle for membranes subjected to five cycles of MLD
was noticeably higher (∼87°; Figure S12) than the contact
angle of pristine membranes (∼12°) or membranes subjected
to 25 and 50 cycles (57−60°).
3.4. Filtration Performance. 3.4.1. Water Permeability

and Stability. The changes in the pure water permeability of
the modified membranes correlate with the morphological
changes described above (Figure 4b−d). After five cycles of
MLD, the water permeability of the membrane (18.4 ± 1.4 L·
m−2·h−1·bar−1) was almost comparable to that of the pristine
NF270 (17.2 ± 2.4 L·m−2·h−1·bar−1). This indicated that the
effective pore size and porosity remained mostly unchanged,
which is in line with the negligible morphological change
(Figure 2a,b) we observed. After 25 MLD cycles, a large
increase in permeability was observed33% with respect to
pristine NF270. We attribute that to partial etching of the
active polyamide-piperazine layer, thus introducing small
defects (i.e., regions of higher water flux) that increased the
water permeability. This result is in line with the morpho-
logical and chemical changes in the active layer we observed
after 25 MLD cycles (see Sections 3.1 and 3.2). After 50 MLD
cycles, the water permeability decreased by 21% in comparison
to the unmodified NF270, probably because the active layer
surface and the defects were coated by the EG-alucone layer.
These changes are small compared to similar previous work37

in which the permeability reduced by 90% after 50 ALD cycles
of TiO2. Notably, in this work, the EG-alucone treated

membranes were stable in filtration experiments up to 24 h.
Only a marginal drop in MgSO4 rejection and water
permeability (0.4 and 3%, respectively, Figure S15), and a
small change in IEP (<0.5 pH units, Figure S13), were
observed.

3.4.2. Passage of Single Salts and Associated Selectivities.
Polymeric NF membranes such as the pristine NF270 are
characterized by sub-nm scale effective pore size (0.5−2
nm),34 and low dielectric constant in the pores49,50 relative to
unconfined water. These properties lead to the preferential
passage of monovalent ions over bivalent ions because the
strength of both steric and dielectric exclusion increases with
the valence of ions regardless of their charge sign. From water
softening perspective, steric and dielectric exclusion in NF270
overshadows electrostatic exclusion, meaning that even though
the membrane is negatively charged at pH > 4 (Figure 4a), the
passage of monovalent cations (e.g., Na+) is still preferred over
bivalent cations (e.g., Mg2+). However, the fixed negative
charge in NF270 dictated by the polyamide piperazine
chemistry reduces the overall exclusion of bivalent cations
and limits the selective rejection of Mg2+ over Na+. Suppressing
the membrane’s negative charge while inflicting minimal
damage to its water permeability is attainable using EG-
alucone MLD, as reported herein. By measuring the trans-
membrane transport of four different single salt solutions, we
aimed at understanding how the amount of deposited EG-
alucone (proportional to the number of MLD cycles), as well
as the altered surface morphology, affect the interplay between
the three main ion exclusion mechanisms. These relations are
reflected in the selectivity; thereby understanding them would
be beneficial for designing selective membranes in future work.
Changes in salt passage and selectivity in response to

changes in the exclusion mechanism are already apparent in
the NF270 membrane modified by five MLD cycles. The
increase in the passage of the two symmetrical salts, NaCl and
MgSO4, indicates a decline in steric or dielectric exclusion,
which are indifferent to ion charge sign. Because the water
permeability after five MLD cycles did not change (Figure 4b),
we conclude that the pore-size, and thus steric exclusion, also
did not significantly change. Therefore, we propose that
applying five MLD cycles decreases the dielectric exclusion of
the membrane. Bivalent ions are affected more strongly from
dielectric exclusion than monovalent ions,51 therefore, the
passage of MgSO4 increased by a factor of ∼2.5, while that of
NaCl increased only by a factor of ∼1.3 (Figure 4c,d), which is
also reflected in the decrease in MgSO

NaCl
4

α (Figure 5d).
The salt passage and selectivity recorded after five MLD

cycles were also affected by the change in electrostatic
exclusion as a result of the change in the membrane’s fixed
charge (Figure 4a). Like dielectric exclusion, the electrostatic
exclusion is stronger for multivalent ions, however only co-ions
are excluded, while counter-ions undergo inclusion.51 There-
fore, the change in electrostatic exclusion is mostly reflected in
the passage of the asymmetric salts. Accordingly, because of
the suppression of negative fixed charge resulted from the
MLD (Figure 4a), the greatest increase in the salt passage was
observed for Na2SO4 due to a decrease in both electrostatic
and dielectric exclusion. In contrast, the passage of MgCl2 did
not significantly change because, for this salt, the decrease in
electrostatic exclusion counteracted the decrease in dielectric
exclusion. This explanation is also supported by the increase in

MgCl
Na SO

2
2 4α by almost threefold which is the sharpest increase
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among all of the recorded selectivities (Figure 5c). Similarly,

MgSO
Na SO

4
2 4α only slightly increased (Figure 5b) because of a balance

between the dielectric exclusion (stronger for MgSO4) to
electrostatic exclusion (stronger for Na2SO4). A moderate
increase in MgCl

NaCl
2

α suggests that both salts are influenced by the
dielectric effect, yet the symmetric NaCl is less affected by the
charge. Electrostatic exclusion thus plays a significant role in
decreasing the passage of magnesium salts, demonstrating the
importance of controlling the fixed charge for enhancing
softening efficiency.
After subjecting the NF270 membranes to 25 MLD cycles,

structural and chemical changes continue to affect the interplay
between exclusion mechanisms, influencing the transport of
ions. At 25 MLD cycles, defects in the active layer created
regions of higher solvent flux, as indicated by the significant
increase in water permeability. A decrease in steric exclusion
for all ions is therefore expected, while a further decrease in
dielectric exclusion cannot be ruled out. Because both these
mechanisms exclude multivalent ions more strongly, MgSO

NaCl
4

α is
further decreased compared to zero and five cycles (Figure
5d). Interestingly, the average NaCl passage did not
significantly change for the number of MLD cycles >5,
indicating that the steric exclusion of the monovalent ions was
already low at 5 MLD.
In addition to the structural changes, applying 25 MLD

cycles altered the surface charge from negative to positive at
the working pH of 5.6 (Figure 4a), as reflected most clearly in
the rapid increase of MgCl

Na SO
2

2 4α (Figure 5c). The decrease in

MgCl
NaCl

2
α (Figure 5a) is mainly due to a minor increase in MgCl2
passage (Figure 4c), indicating that the decrease in steric
exclusion had a stronger effect on Mg2+ permeability than the
increase in electrostatic exclusion (this is not conclusive

although because of the large experimental uncertainty at this
stage). Na2SO4 passage increased most sharply when going
from 5 to 25 MLD cycles, due to the decrease in both
electrostatic and steric (possibly also dielectric) exclusion of
SO4

2− ions, which dominates Na2SO4 permeability. Because
the passage of the symmetric MgSO4 was not affected by
electrostatic exclusion, MgSO

Na SO
4

2 4α further, decrease at this stage
(Figure 5b).
Going from 25 to 50 MLD cycles, the defects in the

membrane were covered by a thicker nanoporous EG-alucone
layer as indicated by the decrease in water permeability (Figure
4b). This is supported by the decrease in the salt passage for
the three salts containing divalent ions, which are more prone
to steric exclusion than NaCl. Although the change of zeta-
potential (Figure 4a) was insignificant between 25 and 50
MLD cycles, the role of electrostatic exclusion in determining
ion selectivities is apparent in the further increase of MgCl

Na SO
2

2 4α
(Figure 5c). Because zeta-potential only captures the surface
charge, we attribute this effect to the penetration of EG-
alucone into the exposed defects. The increase in MgCl

NaCl
2

α and a

decrease in MgSO
Na SO

4
2 4α further supports the conjecture of positive

charge accumulation in the subsurface (Figure 5a,b).
Overall, the change in the experimental salt passage and

selectivity values for the tested modified membranes was
correlated to the chemical/morphological changes. This
correlation is plausibly explained through known exclusion
mechanisms, demonstrating the potential to rationally tune the
ion-selectivity of NF using MLD of EG-alucone.

3.4.3. Ion Rejection from Brackish Water and Associated
Transport Selectivity. The overall increase in the selectivity of
sodium over magnesium salts, induced by the MLD process,
points at the potential to improve water softening. However,
practical water softening involves NF of mixed ion solutions,
which is different from the single salts’ behavior and harder to
predict because of the interdependency of all ion fluxes
through electromigration and the complex influence of ion
concentrations on ions permeance.52 We, therefore, tested the
functionality of EG-alucone coated membranes (50 MLD
cycles) using real brackish water (4 bar, ion concentration is
given in Table S4) and compared its performances to those of
pristine NF270 membranes (0 cycles; Table 1).
For the brackish water we used, the rejection of Na+ was low

(11−13%) with no significant difference between the coated
and pristine membranes, while the rejection of both Mg2+ and
Ca2+ increased (by 6.3 and 10.4%, respectively). Accordingly,
the permselectivity of Na+ over these bivalent cations
increased. The improved selectivity was due to the
modification of membrane charge, as was also indicated by
the decrease in SO4

2− rejection. In terms of hardness, this
brackish water falls under the category of “very hard” (>180
mg/L as CaCO3) water with a hardness value of 619 mg·L−1 as
CaCO3. The permeate produced by the pristine membrane
was still considered “very hard”, with an average hardness of
223 mg·L−1 as CaCO3, whereas the permeate produced by the
coated membrane had an average hardness of 165 mg·L−1 as
CaCO3, which is in the category “hard”. This results thus
highlight the applicability of the modified membranes in real
environments for hardness removal, that is, water sof tening,
which is a step forward beyond recent ALD/MLD
work,31−33,37 which only examined synthetic single salt
solutions. A comparison to previous works9,10,14,31−33,37,53−58

Figure 5. Normalised transport selectivity between (a) NaCl and
MgCl2, (b) Na2SO4 and MgSO4, (c) Na2SO4 and MgCl2, (d) NaCl
and MgSO4. The selectivity (αj

i) factors have been calculated using eq
2 and then normalized by the selectivity of the pristine NF270 (0
cycle) membrane. Salt concentration in feed solution2 g·L−1, feed
solution pH5.5 ± 0.1, temperature23 ± 1 °C, crossflow
velocity23 cm·s−1, applied pressure4 bar. The errors are the
propagated ones obtained from the errors of observed rejections. For
most of the experimental points, the error bars are of the size of the
symbols.
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on selective NF membranes (see Table S5) shows that none of
these membranes have selectivity and water permeability that
are both higher than the membrane coated with EG-alucone
(50 MLD cycles). Although this comparison should be with
caution (because selectivity can be affected by the experimental
conditions) it suggests that MLD coating applied to thin-film
composite NF can further mitigate the selectivity−permeability
trade-off.

4. CONCLUSIONS

In this work, we used a low-temperature MLD procedure for
modifying and coating a thin film composite NF membrane
with a layer of positively-charged EG-alucone. Using this
method, we were able to tune the ion-selectivity of the
membranes by controlling the amount of EG-alucone
deposited. Unlike the similar previous work,33−35,38 the coating
did not significantly damage the water permeability of the
membrane, and the coating was stable in a long filtration
process. We related the change in ion-selectivities, as measured
from single salts filtration experiments, to the morphological
and chemical changes in the membrane affected by the EG-
alucone and interpreted the trends according to known ion
exclusion mechanisms. When tested using real brackish
groundwater, the coated membrane was found to have
improved efficiency of water softening compared to the
uncoated membrane. Because a variety of precursors are
available in MLD, this work opens a path for developing
different coatings and procedures for expanding ion-selectivity
of thin-film composite NF membranes beyond the limitations
of the base polymer chemistry.
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