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HIGHLIGHTS

GRAPHICAL ABSTRACT

e MLD added an ultrathin MPD-TMC
polyamide active layer to commercial
NF membranes.

e Progressive MLD systematically altered
flux/rejection metrics from NF to RO
values.

e Controlled increase of MLD layer thick-
ness increased rejection but decreased
flux.

e Atomic force microscopy revealed that
MLD removed small-scale roughness
features.
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m-Phenylenediamine and trimesoyl chloride

The recent advancement of semiconductor devices to the near-atomic scale necessitated the development of
atomic layer processing methods, including molecular layer deposition (MLD). This gas-phase deposition tech-
nique creates semipermeable polymer films with precise control of composition and thickness. Herein, MLD was
used to produce thin-film composite reverse osmosis membranes. Aromatic polyamide films as thin as 0.5 nm
were applied to NF270 nanofiltration membranes using m-phenylenediamine and trimesoyl chloride. Within two
molecular layers, desalination performance was affected. As film thickness increased to 15 nm (48 MLD cycles),
performance progressed from nanofiltration to reverse osmosis metrics in terms of salt rejection and water
permeance. With film thickness > 5 nm, rejection values exceeded a small sampling of commercial membranes.
In all cases, a tradeoff between rejection and permeance was observed. Atomic force microscopy measurements
indicate that MLD enhancement led to removal of small-scale roughness features and resulted in a root mean
square roughness difference of <0.1 nm from the substrate. These initial MLD studies represent a novel pro-
cessing approach that offers a potential pathway for the fabrication of membranes with finely tailored properties.
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1. Introduction

Conventional thin-film composite (TFC) reverse osmosis (RO)
membranes made with interfacial polymerization (IP) require control
over a number of important processing parameters. Variations in con-
centration [1,2], substrate [3-5], solvent [6] and synthesis procedure
[7] impact the density, morphology, homogeneity, and thickness of the
IP polyamide layer [8]. Such variability in turn can affect desalination
performance, operation lifetime and fouling characteristics. While many
aspects of the nanometer-scale mechanics of the solution-based film
growth have been characterized, its complex nature prohibits compre-
hensive understanding and control over this decades-old technique [7].
As a result, current methods lean on empirical approaches rather than
molecular-level design [2].

Despite these challenges, advances in fabrication have enabled the
creation of RO membranes which incorporate ultrathin, chemically and
morphologically controlled polyamide active layers. Such characteris-
tics are desirable for minimal transport resistance and improved anti-
fouling behavior [8-10]. The molecular layer-by-layer (mLbL) method
[11-16] has proven effective in generating RO membranes with a dense
layer as thin as 4 nm and with a root mean square (RMS) roughness of
~1 nm [16]. Free standing film growth techniques have been leveraged
to create RO polyamide film thicknesses below 10 nm [1,5,9]. Electro-
spray processes have also been used to fabricate polyamide RO films as
thin as 20 nm and with a RMS roughness that is indistinguishable from
the substrate [17]. These complex procedures reiterate the challenge of
controlling the liquid phase chemistry at a nanometer scale. While
achieving impressive thickness/roughness dimensions, each of these
fabrication routes still faces the limitations of IP including incomplete
crosslinking and limited consistency in film thickness and density.
Additionally, the mLbL and free standing film techniques are difficult to
scale up for commercial production and produce films which are prone
to delamination, relying on physical adhesion or interlayer materials
which are susceptible at extreme pH and salt concentration [14,15,18].
Thus, the need remains for a scalable and robust TFC membrane syn-
thesis technique that enables fine control of film nanostructure and
thickness.

(a)

Desalination 520 (2021) 115334

Molecular layer deposition (MLD) is a scalable, polymer thin-film
deposition technique that can provide extremely thin, smooth, chemi-
cally consistent films with nanometer precision [19]. The MLD process is
analogous to atomic layer deposition (ALD), differing by its use of
organic precursors to incorporate molecular fragments [20]. Whereas
ALD precursors typically contribute one atom into a metal or ceramic
film, MLD precursors incorporate an entire organic linkage. These
techniques have become instrumental in achieving nanoscale transistors
and enabling previously unachievable length scales for gate oxides and
other components of integrated circuits and memory devices [21,22].
They have also been used in energy storage [23,24] and conversion [25].
ALD and MLD offer exciting possibilities for improved membrane ma-
terials and have already been utilized for tuning pore sizes as well as
affecting hydrophilicity and fouling characteristics [26].

A schematic of the MLD process is shown in Fig. 1. All-organic MLD is
performed under vacuum conditions by introducing a substrate to two
gas-phase organic precursors in an isolated and sequential order. Upon
exposure to the initial reactant, functional groups of the precursor (e.g.
acyl chlorides) react with the functional groups of the surface (e.g.
amines). A layer of monomers is added to the surface by a single step of
step-growth polymerization. The substrate is now terminated with a new
functional end group (acyl chlorides). The precursors are chosen such
that self-polymerization will not occur, ensuring self-limited growth at
each exposure. Once the reaction environment is cleared of the first
precursor and reaction byproducts, the surface is exposed to a second
precursor with functional groups which are reactive with those of the
first precursor (e.g. amines). The polymer chain-ends are again extended
by one monomer in a self-limiting fashion. The reaction space is once
again purged. This two-step process constitutes one MLD cycle which
may be repeated for controlled growth of polymer films [20]. The for-
mation of polymer films containing crosslinks may be achieved by use of
a trifunctional precursor [27]. This sequence of self-limited, step-wise
surface saturation provides many advantages. Film thickness is highly
controlled, scaling linearly with increasing cycles. Films are smooth and
conformal to the substrate surface [28].

MLD is capable of producing semipermeable polymer films for water
purification without the use of environmentally harmful solvents; this
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Fig. 1. Schematic of the MLD process. (a) Functional groups on the surface (squares) are exposed to a gas-phase precursor; functional groups of this precursor react
with only the surface, forming a single deposited layer. (b) The reaction space is purged and the new surface functional groups (triangles) are exposed to a second gas-
phase precursor; the second precursor forms another, self-limited layer. The stepwise process is repeated for desired film thickness.

Adapted from [29].
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includes the often-used aromatic polyamide made from m-phenyl-
enediamine (MPD) and trimesoy! chloride (TMC) [30-32]. Homogenous
films grown with this controlled, layer-by-layer technique are ideal in
view of recent work by Culp et al. which concluded that membrane
resistance is the result of nanoscale variations in thickness and density
[8l.

In principle, MLD is very much akin to the mLbL technique: both are
layer-by-layer processes which grow polymer films with monomer pre-
cision. Each method creates smooth, conformal films, but each has its
own advantages. MLD exhibits more control over film thickness with a
deposition rate around 0.4 nm/cycle compared to the mLbL rate of ~1
nm/cycle [13,30]. The liquid phase mLbL may be done at ambient
temperatures but requires heavy solvent usage and long cycle times. The
mLbL solution chemistry is simple to perform on the lab bench but is
difficult to scale for commercial production. Gas-phase MLD requires
temperatures sufficient to vaporize the reactants, but the solvent-free
technique can be performed with sub-second cycles times [30]. MLD is
compatible with commercial scale roll-to-roll (R2R) processing and has
a clear path to manufacture [33,34]. Despite its advantages, fabrication
of a robust, freestanding MLD film remains a difficult objective due to
the conformal, isotropic manner of film growth. MLD precursors diffuse
into pore openings and deposit material within, not across pore openings
[32]. Thus, fabrication of desalination membranes using MLD has been a
significant technical challenge.

This paper demonstrates that the advantages of MLD can be realized
by utilizing nanofiltration (NF) TFC membranes as a suitable substrate.
The existing films atop NF membranes provide sufficient transport
resistance to MLD precursors which would otherwise deposit onto pore
walls. FilmTec NF270 membranes were chosen as the substrate for
subsequent MLD processing given their ability to withstand high tem-
perature exposure in a vacuum. This study explores the ability to control
the tradeoff between salt rejection and water permeance by altering the
MLD film thickness. To the authors’ knowledge, this study represents the
first demonstration of active membrane films made by gas-phase MLD.

2. Materials and methods
2.1. Membrane materials

This work primarily utilized NF270 nanofiltration membranes which
were kindly provided by DuPont Filmtec. The support layer of this TFC
membrane is polysulfone (40 pm thick) on a non-woven polyester
backing (120 pm thick) [35]. Polysulfone has a glass transition tem-
perature of 190-230 °C [36]. The active layer is a semi-aromatic poly-
amide (270 nm thick) made via interfacial polymerization of piperazine
and TMC [37-40]. As indicated by the manufacturer, the maximum
operating temperature is 45 °C [41].

Limited testing was also conducted using HYDRACoRe50 nano-
filtration membranes generously provided by Nitto Hydranautics. This
membrane has an active layer comprised of sulfonated polyethersulfone
with a molecular weight cutoff of 1 kDa and a maximum operating
temperature of 45 °C [42].

Performance metrics for several commercial RO membranes were
used in this study to provide a basis for comparison, and the relevant
information is detailed in Table 1.
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2.2. Preconditioning of the membranes

To precondition the samples, membranes were soaked in a 20%
isopropanol solution for at least 30 min, then rinsed with ultrapure
water (Milli-Q® Advantage A10, MilliporeSigma). “As-received” sam-
ples were then measured in a dead-end cell with no further handling.
MLD-modified samples were dried at ambient conditions prior to being
placed in the MLD vacuum chamber. Before desalination testing, the
processed samples were rewet with a 50% ethanol solution for at least
15 min to reopen the pores [43]. After soaking, these membranes were
rinsed with ultrapure water and kept wet until the measurements were
completed.

2.3. Spatial molecular layer deposition reactor

A custom built, spatial MLD system was utilized to deposit polyamide
thin films on the NF membrane substrates. The MLD reactor is a
cylinder-shaped vacuum chamber made of outer and inner drums placed
concentrically with a 1 mm gap (Fig. 2). Samples are mounted to the
inner drum which is able to rotate about a shaft. Two reactive gas-phase
precursors are fed into to the outer drum at opposite ends to create
isolated reaction zones. The MLD sequence is performed by rotating the
inner drum so that the samples move from one reaction zone to the
other. Reaction-free zones exist in between the reaction zones to provide
purging times between each exposure. More details on the design
[30,47] and operation [31,32,48,49] of this system are described
elsewhere.

An aromatic polyamide material was formed with MPD (99%, Sigma
Aldrich) and TMC (98%, Sigma Aldrich). These precursors were dosed at
flowrates which produced 2.7 x 10 bar (200 mTorr) of pressure above
the base pressure of 4.8 x 10 bar (360 mTorr). System pressure was
monitored with capacitance monometers (121A Baratron®, MKS); one
at each dosing line and the third at the drum volume. A flow of nitrogen
(4.8 grade, Airgas) on either side of each dosing zone served as a
diffusion barrier to confine the reactants. Total nitrogen flow was 100
standard cm®/min.

Fig. 2. Cross-sectional diagram of the spatial MLD reactor.

Table 1

Desalination performance metrics for various commercially available flat sheet membranes. Values were obtained from the manufacturers’ data sheets.
Membrane product Type Manufacturer Permeate flow rate Salt (NaCl) rejection (%) Test pressure Source

GFD (L/m? h) bar (psi)

NF270 NF DuPont Filmtec 51.8 (30.5) 40-60 (CaCly) 4.8 (70) [41]
HYDRACoRe50 NF Nitto Hydranautics 73.0 (43.0) 55 9.7 (140) [42]
TMG(D) RO Toray 51.3 (30.2) 99.7 10.3 (150) [44]
BW30LE RO DuPont Filmtec 48.8 (28.8) 99.3 10.3 (150) [45]
AG RO Suez 44 (26) 99.5 15.5 (225) [46]
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Membrane samples were mounted onto the inner drum of the reactor
using Kapton tape with acrylic adhesive. All edges were sealed with the
adhesive tape to prevent backside deposition. A silicon coupon was
adhered to the drum beside each membrane sample to serve as a “wit-
ness” to film growth. Film thickness was measured on the silicon cou-
pons using spectroscopic ellipsometry.

The MLD system was slowly heated within a custom-built convection
oven. The system took 5 h to heat to 115 °C. Reactions were performed
after an additional 6 h to ensure thermal equilibrium within the vacuum
chamber. Thus, total heating time was 11 + 1 h to achieve a system
temperature of 115 °C. Following the reaction, heaters were then turned
off while the convection fan continued running to ensure slow,
controlled cooling.

Drum rotation speed was controlled by a stepper motor (MDri-
ve23Plus, Schneider Electric). A slower rotation speed corresponded to
increased dosing and purging times. The samples were exposed to pre-
cursors while rotating through the region between the pumping mod-
ules. Each dose had an exposure time in seconds equal to 6/®, where o is
the rotation speed in RPM. Purge times in seconds were equal to 24/.

Before each reaction, dosing lines were opened over a blank position
on the inner drum, one at a time until pressures reached a steady state.
This allowed for constant flow rates during the reaction and a purge of
any impurities with higher vapor pressures. Once steady state was
individually achieved in the precursor lines, both lines were opened
simultaneously. At this point, the inner drum was accelerated from a
standstill to the specified rotation speed at a rate of ~20 RPM/s. The
drum was decelerated to stop at the specified number of rotations. A
constant rate of rotation was otherwise maintained. Once the inner
drum rotation was complete, dosing lines were closed and subjected to a
purging procedure.

2.4. Spectroscopic ellipsometry

The thickness of the deposited polyamide films was measured with
spectroscopic ellipsometry (M-2000, J.A. Woollam Co., Inc.). As previ-
ously noted, MLD films were grown on witness silicon coupons which
were located next to the membrane samples.

2.5. Dead-end desalination measurements

Desalination tests of the membrane samples were performed in a
stirred, dead-end cell (HP4750, Sterlitech). Membrane samples had an
effective area of 11.8 cm?. The feed solution had a volume of 287 mL and
a concentration of 2000 + 10 ppm NaCl. The cell was pressurized with
nitrogen to a pressure of 15.5 bar (225 psig) at 22 °C. Membranes with a
permeance less than 5 L/m? h bar were pre-compressed in the cell with
the salt solution at 15.5 bar (225 psig) until 200 g of permeate was
captured; the limit of the cell volume made precompression of the more
permeable membranes impractical. Salt concentration was measured
with a conductivity probe with a cell constant of 0.621 + 0.1 (FP30,
Mettler Toledo). A temperature coefficient value of 2.14%/K was used as
well as total dissolved solids conversion factor which was interpolated
from the technical manual of the probe [50]. The permeate was
collected in a cumulative fashion and measured using the gravimetric
method. Apparent salt rejection (R) and water permeance (A;) were
calculated according to Egs. (1) and (2), respectively [51]:

R=1 —cp/cj,- (€]
AV
A =5 (ap - am) @

Here, ¢, is the concentration of the cumulative permeate, cf is the
concentration of the initial salt solution, s is the membrane area, Ap is
the transmembrane pressure and AV is the change in volume over the
time span, At. The difference in upstream and downstream osmotic
pressure, AIl was calculated using the Van't Hoff relationship with an
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osmotic constant of 0.92 [52]. Calculation of average salt rejection and
water permeance was taken over the span of 40 to 50 g of collected
permeate. Each measurement was done in triplicate except in a few cases
where samples ruptured or measurement failed. Error bars were calcu-
lated to represent the standard deviation from the mean.

2.6. Cross flow desalination measurements

Membranes were tested in a 2.6 x 7.7 cm cross flow cell. The channel
height was 0.3 cm and cross flow velocity was 0.19 + 0.02 m/s. Mem-
branes were pre-compressed at 17.2 bar (250 psi) for at least 15 h. Pure
water flux was then measured at 15.5 bar (225 psi) using the gravimetric
method. Desalination tests were performed with a feed solution of 2000
ppm NacCl at 15.5 bar (225 psi). Temperature was maintained at 26 °C.
Permeate flux was measured using the gravimetric method and the
salinity of the feed and permeate was monitored with the conductivity
probe.

2.7. Contact angle measurements

Contact angle measurements were performed on membrane surfaces
with the Theta Lite system (Biolin Scientific). Images were processed
using OneAttension (Biolin Scientific). Measurements were done in
triplicate with error bars representing the standard deviation from the
mean.

2.8. Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed
using a Nanosurf EasyScan 2. The scanner was fitted with a 10 pm head
and Aspire CT170R tips were used as probes. The AFM was operated in
tapping mode and acquired 1 pm x 1 pm images at 1 line/s and 256
pixels/line. Raw AFM data were processed and analyzed using Gwyd-
dion [53].

3. Results and discussion
3.1. Molecular layer deposition growth characteristics

Semipermeable aromatic polyamide films were grown with the MLD
technique in the spatial reactor. The exposure time was controlled by
changing the rotation speed of the drum. The samples were processed at
constant rotation speeds. The rotation speeds and corresponding expo-
sure times and purging times are specified in Table 2.

For the same rotation speed, film growth was reasonably linear with
increasing cycles (Fig. 3). Films produced with an exposure time of 6 s
grew at an average rate of 0.53 nm/cycle whereas films grown with
exposure times of 1.2 s or less had an average rate of 0.30 nm/cycle.

The increased growth rate at longer exposure times is attributed to
absorption effects. The TMC and MPD vapors enter the bulk structure of
polymer substrates by the solution-diffusion mechanism [54]. Longer
exposure times result in greater concentration levels of the absorbed
reactant within the substrate. For a 6 s exposure, it appears that a purge
time greater than 24 s is necessary to fully desorb the precursors. If
purging time is insufficient, absorbed monomers may be carried into the
subsequent exposure zone and react with the other precursor at the
surface. This would lead to an increased growth rate per cycle. This

Table 2
Exposure and purging times corresponding a given drum rotation speed in the
spatial MLD reactor.

Rotation speed (RPM) Exposure time (s) Purging time (s)

20 0.3 1.2
5 1.2 4.8
1 6 24
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Fig. 3. Thickness of MLD films with increasing cycles, measured from silicon
coupons with spectroscopic ellipsometry. Films were grown with TMC and MPD
precursors at 115 °C in the spatial reactor.

carry-over phenomenon may occur even with non-absorbing surfaces
such as silicon as they become coated with the absorbing MLD polymer.
Due to the constant rate of rotation, a change in purging times would
require variable rotation speed or a reconfiguration of the reactor
geometry.

NF membranes were chosen as the test substrate for MLD modifica-
tion to take advantage of the existing dense layer which provides a
barrier to pore penetration by MLD precursors. The MLD precursors
attach to the NF membrane covalently through reactions with functional
groups at the membrane surface. In the case of polyamide-topped TFCs
such as NF270, the precursors may react with terminal carboxyl and
amine groups.

3.2. Desalination performance of modified NF270 membranes

NF270 nanofiltration membranes which were modified via MLD
resulted in increased salt rejection with an expected tradeoff of
decreased water permeance. Fig. 4 displays the results and compares the
MLD data to the performance of an as-received NF270 membrane as well
as a commercial RO membrane (TMG(D), Toray). NaCl rejection and
water permeance evidenced a non-linear response to an increasing
number of MLD cycles processed at 115 °C with a 0.3 s exposure time.
This observed empirical inverse correlation between rejection and per-
meance has been widely reported for polymeric RO membranes as well
as for gas separation membranes [55]. Similar thickness-dependent
tradeoffs are described for RO membranes made with the mLbL tech-
nique [16].

For NF270 membranes processed with 2 - 18 MLD cycles, the initial
rejection and permeance could be controllably tuned between NF and
RO levels of performance. This suggests that the selectivity for various
multivalent salts could also be precisely targeted while maximizing
water flux [56]. At 18 MLD cycles (5 nm), the modified NF270 mem-
branes had salt rejection and water permeance performance equal to the
commercial RO membrane.

As shown in Fig. 4, a rapid change in rejection-permeance tradeoff
was experienced in the first few MLD cycles (< 12 cycles, < 2 nm)
whereas the change in metrics was more incremental after 18 cycles (>
5 nm). It is possible to explain this difference as due to a nucleation
period. ALD film growth is known to undergo a nucleation period
whereby a continuous film is not achieved until several cycles have been
performed [57]. Although MLD nucleation is less well understood [19],
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Fig. 4. Desalination performance of NF270 membranes topped with increasing
MLD film thickness. MLD was processed in a spatial drum reactor with a 0.3 s
exposure at 115 °C with TMC and MPD precursors. The O-cycles data point
represents samples placed in the MLD vacuum chamber with no chemistry.
Heating times were 11 & 1 h. Results are compared to the performance of as-
received NF270 samples and Toray TMG(D) RO membranes measured using
the same dead-end cell procedure.

it may be the case that a complete, fully networked MLD film is not
formed atop the NF270 surface within the first 12 cycles. Under this
assertion, the first 12 cycles successively approach a complete, net-
worked polymer layer. Each increasing cycle therefore yields marked
improvement in NaCl rejection as the top layer is progressively formed.
Once the MLD film is fully formed (presumably by 18 MLD cycles), only
small gains in the rejection metric are obtained with subsequent cycles,
attributed to increasing film thickness.

The rejection-permeance tradeoff is again shown in Fig. 5 which
displays the cumulative summary of initial desalination performance for
all modified NF270 membranes processed at 115 °C. The initial desali-
nation performance metrics are compared to a small sample of com-
mercial flat sheet membranes measured in the same dead-end cell. With

100
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Fig. 5. Cumulative desalination performance for all NF270 membranes modi-
fied with MLD. A small sample of commercial desalination membranes are
included for comparison. The inset is a magnified view of the data with the
highest values of NaCl rejection.
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more MLD cycles and increased reactant exposure times, the maximum
salt rejection values of the MLD-modified NF270 membranes exceeded
those of the unmodified commercial products. While these initial results
are encouraging, they should be interpreted cautiously in view of the
small sampling of commercial RO membranes and the dead-end test
procedure utilized, with the latter likely contributing to the differences
between the measured salt rejection values and those listed in Table 1.
These results should be viewed in the context of recent studies which
indicate that the economics of water purification appear more sensitive
to improvements in selectivity behavior rather than flux properties
[2,58-60]. Thus, MLD enhancement might be particularly effective for
high purity applications which have not been sufficiently served by IP
membranes.

To further quantify desalination results, cross flow desalination
measurements were performed. The results of the cross flow tests
(Fig. S1) were in reasonable agreement with those of the dead-end cell
tests as the rejection-permeance tradeoff progressed between NF270
samples topped with 12 and 18 MLD cycles (1.4 and 3.4 nm, respec-
tively). Water permeance and NaCl permeability parameters are sum-
marized in Table 3.

Delamination is a major concern for novel RO membranes. However,
the MLD-enhanced NF270 membranes showed no sign of delamination
throughout all desalination tests. Samples were stable in moderate cross
flow conditions (0.13 m/s) for at least 24 h. IP films are formed at the
solvent interface whereas MLD films are formed directly on the sub-
strate. Owing to strong covalent bonding between the MLD film and the
NF270 layer, MLD-enhanced membranes are expected to evidence long-
term mechanical stability that matches that of the substrate NF mem-
brane. Further testing is required to confirm this expectation.

3.3. Effect of precursor infiltration on desalination performance

As an absorbing substrate, the bulk structure of the original NF270
polyamide dense layer could be chemically altered by the MLD pre-
cursors. In this process, known as vapor-phase infiltration (VPI), gas-
phase reactants enter the substrate film through solution-diffusion and
become incorporated into the bulk structure through reactions with
previously unreacted functional groups [61].

To test for the effects of VPI within the NF270, exposure times were
varied for the MLD reactants. If VPI were to alter the original structure of
the dense layer, then desalination performance would be affected both
by the top MLD film and by structural modifications via VPI. For
increased exposure times, higher rejection and lower permeance metrics
would be expected for films with the same MLD film thickness. Testing
was performed with exposure times of 0.3, 1.2 and 6 s. Increased
exposure time led to increased salt rejection and reduced water per-
meance for the same number of MLD cycles (Fig. 6a, b). However, as
previously noted, higher film growth rates occur with exposure times of
6 s due to the carry-over of absorbed precursors. Therefore, the thickness
of the MLD top layer must be considered.

Desalination performance was correlated to thickness of the MLD
films for samples with varied exposure times. All exposure times fol-
lowed a common trend line for NaCl rejection (Fig. 6¢) and for water

Table 3

Pure water permeance (A) and salt permeability parameters (B) for various
membranes and processing conditions. Measurements were performed in a cross
flow desalination system with 2000 ppm NaCl feed at 15.5 bar.

Sample A B

(L/m? h bar) (L/m?h)
NF270, as-received 225+1.2 152 + 13
NF270 with 0 MLD 1

Wit vees . 121408 5645
(heated in vacuum with no chemistry)

NF270 with 12 MLD cycles 2.1 +0.2 1.2+ 0.2
NF270 with 18 MLD cycles 1.4+0.1 0.3+0.2
Toray TMG(D) 1.7 £ 0.2 0.7 £ 0.6
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permeance (Fig. 6d). The thickness of the MLD film governed perfor-
mance while any effects of VPI are not observed. These results indicate
that desalination performance is a function of MLD film thickness rather
than exposure time, and the tradeoff in desalination performance is
attributed to the MLD film grown atop the NF270. Significant VPI effects
may occur, but likely require much longer exposure times.

3.4. Temperature effects on desalination performance

MLD modification was performed at a temperature above the man-
ufacturer's maximum operating temperature specification of 45 °C [41].
A processing temperature of 115 °C was required due to the low vapor
pressure and subsequently, low flow rate of the TMC precursor [30,62].
Temperature exposure alone did affect membrane performance, as
shown by the difference in performance between the as-received and 0-
cycles (heated in the vacuum chamber with no chemistry) data in Fig. 4
and confirmed in Figs. S2 and S3. To minimize additional temperature
effects, all MLD-processed samples had the same heating time of 11 4+ 1
h. As highlighted in Table 4, such temperature exposure caused a
decrease in permeance and an increase in rejection. Manttari et al.
attribute temperature-induced performance difference to a change in
membrane morphology and tightening of the membrane structure [63].
Yao et al. ascribe the difference to a reorientation of polymer chains at
high temperatures [64]. Moreover, the residence time in the MLD
reactor at temperature also had an effect on the performance metrics.
NF270 samples that remained in the vacuum chamber for 50 h at 115 °C
had a 25% decrease in permeance and a 32% gain in rejection as
compared to samples that remained for only 11 + 1 h. The elevated
temperature required and resulting effect on performance represents a
current limitation of MLD fabrication.

3.5. Surface characteristics

While no fouling experiments were performed in this initial study of
the MLD-modified NF membranes, these membranes possess a number
of surface characteristics which offer promise for improved fouling
performance. Fouling is often categorized as biofouling, organic, inor-
ganic or colloidal [65]. Many sources suggest that low-roughness, hy-
drophilic and more neutrally charged surfaces are most desirable to
minimize overall fouling [2,66,67]. With respect to hydrophilicity, hy-
drophobic organic foulants are less inclined to absorb to hydrophilic
surfaces [10]. In terms of surface charge, membranes with a neutral
charge are desirable to prevent electrostatic interactions with charged
foulants although some studies have shown that negatively charged
surfaces are effective at repelling negatively charged colloids and bac-
teria [10,68,69]. Regarding surface roughness, many studies have
concluded that the peak and valley morphology of IP films trap colloidal
foulants within the valley structures [10,70]. Membranes with lower
RMS roughness have been shown to have measurably less colloidal
fouling [10,70,71] although other studies dispute this claim [72-74].

The stepwise nature of MLD allows for control over the precursor
used for initial and ultimate exposures. A final exposure to MPD would
lead to a hydrophilic amine surface. The acyl chloride groups left by a
final exposure to TMC hydrolyze into hydrophilic carboxyls upon con-
tact with water. An increased density of carboxyl terminal groups pro-
duce a more negative surface charge [68,69]. Thus the final MLD
precursor exposure may be useful to affect surface charge.

Contact angle measurements were performed for the MLD mem-
branes. As shown in Fig. 7, all samples placed within the MLD reactor at
115 °C had contact angle values of ~60-70°. This is comparable with
other TMC-MPD-based membranes [75]. No significant difference was
found between samples terminated with either MPD (amine surface) or
TMC (carboxyl surface). These results are similar to those of Werber
et al. who found negligible difference in contact angle values for
membranes after being quenched in various solutions [76]. Therefore,
hydrophilicity of the surface was not significantly affected by the
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Table 4
Performance metrics for NF270 membrane samples obtained under different
experimental conditions. Measurements were made with the dead-end cell

procedure.
Condition Water permeance (L/m? h NaCl rejection
bar) (%)
As-received 20.5 + 0.9 25+ 4
Heated in vacuum for 11 h, .

115 °C 14.4 +£ 0.5 34+ 4
Heated in vacuum for 50 h,

115 °C 10.8 + 1.4 45+ 3
4 MLD cycles, 115 °C 11.7 £ 0.8 39+ 4
12 MLD cycles, 115 °C 45+ 1.1 74 +£12
48 MLD cycles, 115 °C 1.5+ 0.1 98 +1

terminal chemistry. However, hydrophilicity was altered by heating
alone which is attributed to changes to the molecular structure of the
NF270 dense film as suggested by others [63,64].

No appreciable difference in initial desalination performance metrics
was observed for the NF270 samples terminated with an exposure to
TMC or to MPD (Fig. S4). However, the control over the surface charge
would allow for informed engineering of a fouling-resistant surface. The

MLD modification process lends itself well to subsequent vacuum pro-
cesses such as ALD or chemical vapor deposition which have proven
effective for enhancement of the membrane surface [77].

AFM was used to investigate the changes in roughness and
morphology of the NF270 membrane surface after MLD processing.
Fig. 8 shows representative 1 pm x 1 pm 3D images of membrane sur-
faces before and after the application of 144 MLD cycles (43 nm). Less
than 0.1 nm difference in RMS roughness was measured between the 0-
cycles sample (heated in the vacuum chamber with no chemistry) and
the sample with 144 MLD cycles (Table 5). However, surface roughness
features were affected by the MLD film.

The conformal deposition of material by MLD led to a reduction in
the lateral spacing of the peaks and valleys, as can be seen in the
representative line profiles in Fig. 9. As a result, the small features of the
membrane surface, whose lateral spacing was on the order of tens of
nanometers, were “filled in” by the 43-nm-thick layer of MLD poly-
amide. In contrast, larger morphologic features with a greater lateral
spacing experienced peak-broadening, but were not removed [78]. This
phenomenon is described by Gerritsen who showed that conformal film
growth leads to smoothing of small scale features through the broad-
ening of roughness peaks, whereas large-scale roughness features above
a critical spacing experience no smoothing [79].
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Effects of MLD smoothing are dependent on the original morphology
of the membrane. Although small-scale features in the NF270 were
removed by the MLD smoothing effect, RMS roughness remained un-
changed. This is attributed to the fact that these features appeared with
low frequency. Thus, their original contribution to RMS roughness was
negligible. Conversely, asperities with large lateral spacing, namely the
“peaks” and “valleys”, were dominant. An MLD smoothing effect is ex-
pected for other types of membranes whose surfaces contain more in-
stances of small-scale features. Although the ability to control surface
features is encouraging, comprehensive studies are required to deter-
mine whether and to what extent MLD modification can improve
membrane fouling characteristics.

3.6. Molecular layer depositionon other membrane substrates

In addition to the NF270 membranes, MLD films were grown atop
HYDRACoRe50 membranes in a similar manner. A comparable MLD-
thickness-dependent tradeoff between water permeance and salt rejec-
tion was observed for the HYDRACoRe50 samples (Fig. S5). While many
commercial NF membranes have a polyamide top layer, the active layer
of HYDRACoRe50 membranes is sulfonated polyethersulfone [42].
Successful film growth on the sulfonated polyethersulfone layer

(a)
0 MLD cycles
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demonstrates that MLD enhancement is not limited to polyamide-based
materials.

Attempts to directly apply MLD films to porous polyethersulfone
ultrafiltration samples (20 nm nominal pore diameters) (Milli-
poreSigma) were unsuccessful. These attempts resulted in impermeable
membranes or samples with negligible salt rejection. This is likely a
consequence of the fact that MLD film growth occurs conformally at all
surfaces, leading to material deposited on pore walls rather than across
pore openings [32].

3.7. Implications and future prospects of molecular layer deposition
membranes

This study is the first to demonstrate that MLD is an effective method
for creating TFC membranes with performance that compares well to
current commercial desalination membranes. The sub-nanometer reso-
lution of MLD led to control over the rejection-permeance tradeoff of the
samples. Thus, the technique has great potential in nanofiltration ap-
plications where control over multivalent salt selectivity is desirable.
The technique also has potential for performance “tuning” in applica-
tions such as forward osmosis, pressure retarded RO, dialysis, gas sep-
arations and battery separators.

The MLD films were shown have RMS roughness values equal to their
underlying membrane substrate while removing nanoscale roughness.
The technique could be applied to other surfaces for removal of small-
scale roughness. Materials with high instances of such roughness fea-
tures would likely experience a lowering of RMS roughness values with
MLD. Many commercial membranes have surface roughness values an
order of magnitude greater than NF270 and are excellent candidates for
smoothing by MLD (Table 6).

MLD-based desalination membranes may see commercial applica-
tion through optimization of this technique. Heating significantly
affected the NF270 membranes. If MLD processing can be achieved at
near-ambient temperatures, it may prove key in producing membranes
with superior tradeoff performance. There is also potential to further
improve the rejection-permeance trade-off by utilizing NF membranes
with a thinner dense layer and/or a different dense layer composition.

A TFC with a free-standing MLD dense layer atop a porous support

Table 5
Root mean square roughness of the surface of NF270 samples.

NF270 conditions RMS roughness

(nm)

As-received 2.77 £ 0.12
Rinsed and dried 2.63 + 0.09
0MLD cycles at 115 °C (heated in vacuum with no chemistry) ~ 2.38 + 0.07
144 MLD cycles (43 nm) at 115 °C 2.39 + 0.06

(b)
144 MLD cycles

25 nm

0nm

Fig. 8. Representative atomic force microscopy images of NF270 samples. The MLD modification “softened” the morphologic features, but did not affect RMS
roughness: (a) NF270 heated in the vacuum chamber with no chemistry; (b) NF270 topped with 144 MLD cycles (43 nm).
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Table 6

Surface roughness of various commercial NF and RO membranes.
Membrane product Type Manufacturer RMS roughness Mean roughness” Source

(nm) (nm)

NF270 NF DuPont Filmtec 2.77 11.40 This work & [80]
NF90 NF DuPont Filmtec - 124.99 [80]
HYDRACoRe50 NF Nitto Hydranautics 1.0 - [81]
ESNA NF Nitto Hydranautics - 29 [82]
TFC-S NF Koch 64 [82]
TMG-10 RO Toray - 44 [82]
BW30 RO DuPont Filmtec 38.1 95.52 [75,80]
XLE RO DuPont Filmtec 105.8 73, 135.60 [75,80,82]
LFC-1 RO Nitto Hydranautics - 70 [83]
LFC-3 RO Nitto Hydranautics - 70 [83]
ESPA1 RO Nitto Hydranautics - 123 [83]
TFC-HR RO Koch - 64 [82]
TFC-ULP RO Koch - 42 [82]

# Method of roughness calculation not specified.

would likely show improved performance characteristics as compared to
the MLD-modified NF membranes described here. Ultrathin, ultra-
smooth membranes may be possible with the development of an effec-
tive fabrication technique. Through covalent bonding directly to a
porous support, the MLD dense layer should have excellent mechanical
stability and could be applied to high porosity supports for increased
separation effectiveness.

The range of conventional IP chemistries are constrained by the IP
process itself [14]. Suitable monomer reactants must have the right
solubility and reactivity characteristics for IP to succeed. In contrast,
MLD is able to deposit a wide range of polymer chemistries including
polyureas, polyesters, polyimides, polyamides, polythioureas and poly-
urethanes [28]. MLD enables the exploration of new semipermeable
polymer chemistries and may lead to yet-undiscovered dense film ma-
terial compositions with superior rejection-permeance tradeoff, fouling
resistance and long-term stability.

Furthermore, the MLD process could be used to create nanolaminate
films. For example, a TMC-piperazine polyamide layer could be grown
in-situ atop the TMC-MPD layer to create a prescreening, nanofiltration
nanolayer to affect concentration gradients. By extrapolation, the
nanolaminate structure could have a resolution of a single monomer and
incorporate a near unlimited range of unique monomers extending
beyond the polyamide family. In principle, the monolayer selection
possible with MLD is analogous to artificial protein sequencing at small

scale. This would enable extreme structural control and the ability to
manipulate intrinsic dense layer properties such as density and cross-
linking. In effect, unprecedented optimization of the transport of sol-
vents and solutes at the molecular scale would be possible. With such
control, it may become viable to engineer membranes which are stable
in harsh environments, resistant to ozone and chlorine treatment and/or
operable at elevated temperatures and pressures. Thus, the implications
extend far beyond desalination membrane applications. Monomer-scale
engineering of TFC membranes could lead to further development in
other areas of membrane separations.

With future optimization and development of the technique, MLD
could become a key component of TFC manufacture. As of this publi-
cation, several companies offer R2R web handling equipment capable of
applying MLD films to membrane sheets. R2R systems have already been
used to apply ALD films in the production of lithium-ion batteries and
flexible electronics on a commercial scale, often at atmospheric pres-
sures [84]. Thus, MLD is compatible with existing membrane
manufacturing processes.

4. Conclusions
Molecular layer deposition is an attractive synthesis technique for

membrane applications owing to its ability to create conformal, smooth,
compositionally controlled polymer films with molecular precision
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[27,32]. This work demonstrated that desalination membranes with
tailor-made perm-selectivity can be achieved by enhancing NF mem-
branes with MLD. FilmTec NF270 nanofiltration membranes were
modified with MLD via application of an aromatic polyamide thin-film
from the gas-phase polymerization of trimesoyl chloride and m-phe-
nylenediamine. In particular, the number of MLD cycles and the expo-
sure time for each reactant were carefully controlled. The initial
performance metrics of the resulting TFC membranes were evaluated in
a stirred, dead-end cell and in a cross flow system.

High salt-rejection membranes could be fabricated with this tech-
nique. Membranes fabricated with a greater number of MLD cycles
evidenced improved salt rejection but decreased water permeance. In
comparison with a small sample of commercial membranes, MLD-
modified membranes with a 5 nm thin-film evidenced generally equiv-
alent salt rejection values whereas those with a > 5 nm thin-film
exceeded the benchmark. Precursor infiltration effects were studied by
increasing exposure time to each MLD reactant per cycle from 0.3 to 6 s.
The trend in desalination performance according to MLD film thickness
remained unchanged regardless of exposure time.

In addition to the NF270 membranes, HYDRACoRe50 membranes
were modified with MLD in a similar manner whereby a comparable
MLD-thickness-dependent tradeoff between water permeance and salt
rejection was observed. Successful enhancement of the NF poly-
ethersulfone layer demonstrates that MLD application is not limited to
polyamide-based materials.

Atomic force microscopy measurements revealed that MLD modifi-
cation of the NF270 membranes led to the smoothing of small
morphologic features. The RMS roughness, however, was unaffected. In
combination, the ability of MLD to control terminal surface chemistry as
well as surface morphology may provide a route for improved fouling
behavior.
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