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Thin film composite membranes comprising a polyamide nanofilm separating layer on a
support material are state-of-the-art for desalination by reverse osmosis. Nanofilm thickness
is thought to determine the rate of water transport through the membranes; although due to
the fast and relatively uncontrolled interfacial polymerization reaction employed to form
these nanofilms, they are typically crumpled and the separating layer is reported to be ~50-
200 nm thick. This crumpled structure has confounded exploration of the independent effects
of thickness, permeation mechanism, and the support material. Herein, smooth sub-8 nm
polyamide nanofilms are fabricated at a free aqueous-organic interface, exhibiting chemical
homogeneity at both aqueous and organic facing surfaces. Transfer of these ultrathin
nanofilms onto porous supports provides fast water transport through the resulting nanofilm
composite membranes. Manipulating the intrinsic nanofilm thickness from ~15 down to 8 nm
revealed that water permeance increases proportionally with the thickness decrease, after
which it increases non-linearly to 2.7 L.m.h " .bar" as the thickness is further reduced to ~6

nm.
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Membrane processes for molecular separations in liquids consume less energy than

. .. . . 1.2
conventional distillation and evaporation processes, !

but require membrane area
proportional to the process volume. To reduce the area requirement, increased membrane
permeance (liter per hour per sq. meter per bar; permeability / thickness) is sought, where
permeability of the separating layer, as a material property, is assumed to be constant.”*”!

Therefore, reduction of the separating layer thickness is an evident strategy for enhancing the

membrane permeance by providing shorter distances for liquid transport. This approach has

(6] (71

been applied to ultrathin diamond-like-carbon nanosheets™ and protein-based membranes
where liquid permeances increased as separating layer thicknesses were reduced. Thin film
composite membranes used for desalination by reverse osmosis (RO) are made via interfacial
polymerization (IP) on a porous support,"® producing a crumpled polyamide separating
layer ~50 to 200 nm from crest-to-trough.”""" This crest-to-trough distance has typically
been assumed to be the separating layer thickness.”** Due to the complex morphology of this
polyamide separating layer, reducing its thickness has not yet been reported as an approach to
increasing water permeance in RO membranes.

Recently, we have reported the formation of sub-10 nm polyamide nanofilms via controlled
interfacial polymerization on a sacrificial layer, and utilized them as separating layers in
nanofilm composite membranes processing organic solvents.'? We were able to vary the
morphology of the separating layer from smooth to crumpled, where the crumpled features
resulted from the folding and stacking of nanofilms and so had the same intrinsic wall
thicknesses as the smooth nanofilms of ca. 8§ nm, even when the apparent thickness of the
overall separating layer was ca. 100 nm. For RO membranes, other researchers have also
confirmed an intrinsic nanofilm thickness of ca. 20 nm where nanofilms are crumpled into a

separating layer of apparent thickness >100 nm.!"*' It is clear then that a key to improving RO

membrane permeance is to reduce the intrinsic polyamide nanofilm thickness. In this vein,
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more readily controllable layer-by-layer assembly has been used to make smooth polyamide
nanofilms for RO.M"! However, while successful in reducing the thickness to sub-15 nm, less
crosslinked nanofilms were formed, sacrificing salt (NaCl) rejection which was below
90% .14 Importantly, both sacrificial layer and layer-by-layer methods are complex, requiring
additional layers for the polymerization reaction."'>"*! What is needed is a way of reducing
the intrinsic thickness of highly crosslinked polyamide nanofilms via a simple fabrication
process, enabling the enhancement of water permeance and deepening the understanding of
permeation mechanisms. Herein we report the fabrication of smooth sub-15 nm polyamide
nanofilms with controllable thickness by interfacial polymerization at a free aqueous-organic
interface (IP@FI), without the use of the complex sacrificial layer procedure we reported
earlier.""” These free-standing and highly crosslinked nanofilms are transferred onto a variety
of porous supports to provide high permeance nanofilm composite membranes for
desalination.

Figure 1a shows the fabrication of polyamide nanofilms at a free interface (FI) between an
aqueous phase containing m-phenylenediamine (MPD), and a hexane phase containing
trimesoyl chloride (TMC). The nanofilm was picked from the interface and floated onto a
water surface to remove residual MPD and terminate the reaction (Figure 1b and Figure S1,
Supporting Information). Nanofilms were then attached onto different polymeric supports
and utilized as nanofilm composite membranes, or attached to other substrates for

characterization (Figure S2, Supporting Information).
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Figure 1. Schematic of the interfacial polymerization process at a free aqueous-organic
interface (IP@FI) and the subsequent fabrication of nanofilm composite membranes. a)
Fabrication of an ultrathin polyamide nanofilm at a free aqueous-organic interface between
an aqueous phase containing m-phenylenediamine (MPD) and a hexane phase containing
trimesoyl chloride (TMC). The front surface faces the hexane phase and the rear surface faces
the aqueous phase. The growth of the nanofilm was terminated by picking it up from the
interface with a polycarbonate substrate pre-submerged in the aqueous phase, and re-floating
it onto a fresh water surface. b) Nanofilm composite membranes were fabricated by re-
attaching the polyamide nanofilms on various support membranes including crosslinked
polyimide (XP84), crosslinked polyetherimide (XPEI), polysulfone (Psf), and hydrophilic
polytetrafluoroethylene (PTFE).
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Figure 2. Optical and microscopic images of polyamide nanofilms fabricated at the free
aqueous-organic interface. a) Photographic image of a ~10 nm thick nanofilm covering a
diameter of ~10 cm transferred from the interface and re-floated on a water surface where a
ruler was immersed in the water underneath the nanofilm. b) SEM image of a polyamide thin
film composite membrane fabricated using a polysulfone support via conventional interfacial
polymerization at a supported interface using 2 wt% MPD and 0.1 wt% TMC reacted for 1
min (IP-2%-0.1%-Psf). ¢) SEM image of a polyamide nanofilm fabricated with identical
conditions as for b at a free interface (IP@FI-2%-0.1%) and then transferred onto a
polysulfone support. The effect of the two modes of interfacial polymerization on the
resulting surface morphology of the nanofilms is clear in the contrast between b and c. d) and
e) SEM images of the front surface (facing the hexane phase) and the rear surface (facing the
aqueous phase) of the nanofilm made from 3 wt% MPD and 0.15 wt% TMC reacted for 1
min (IP@FI-3%-0.15%), and transferred onto polysulfone supports. f) SEM cross-sectional
image of a free-standing nanofilm (IP@FI-3%-0.15%) with nodular features as observed on
the surface d. g) and h) AFM height image and profile of a free-standing nanofilm transferred
onto a silicon wafer. The nanofilm was prepared from 0.05 wt% MPD and 0.025 wt% TMC
reacted for 1 min at a free interface (IP@FI-0.05%-0.025%). A scratch was made to expose
the silicon wafer surface for the measurement of nanofilm thickness. i) SEM images of a free-
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standing nanofilm (IP@FI-0.05%-0.025%) transferred onto a PTFE support. Inset shows an
image at a higher magnification, for which the arrow indicates the edge of the nanofilm.

Figure 2a shows a nanofilm ~10 nm in thickness and ~10 cm in diameter floating on a water
surface, appearing intact and defect free. The IP@FI process created smooth nanofilms!'>®
with root-mean-square (RMS) roughness ca. one-tenth that of crumpled nanofilms prepared
via conventional IP on polysulfone supports or via controlled IP on a sacrificial layer (Table

S1 and Figure S3, Supporting Information),!”

using the same reactant concentrations. We
attribute the morphology difference between crumpled (Figure 2b, Figure S3, Supporting
Information) and smooth (Figure 2¢) nanofilms to differences in the rate of dissipation of the
heat of reaction between supported and free interfaces. A free aqueous solution enables more
rapid heat dissipation than an aqueous solution trapped in an ultrafiltration support or a
sacrificial layer, resulting in a stable interface and the creation of smooth nanofilms at higher
reactant concentrations than are possible in supported systems (Figure S4, Supporting
Information). At sufficiently high monomer concentrations, nanofilms formed at the free
aqueous-organic interface also underwent a transition from smooth to crumpled (Figure S5,
Supporting Information),'”! due to faster reaction kinetics accompanied by more rapid heat
evolution from the exothermic crosslinking reaction.!'> '*!

Nanofilms from the free aqueous-organic interface can be used directly, or flipped and
adhered to the support so that the rear surface becomes the active surface of the membrane.
Figure 2d and e show scanning electron microscope (SEM) images of the front (organic
facing) and rear (aqueous facing) surfaces of nanofilms fabricated via interfacial
polymerization at the free aqueous-organic interface with 3 wt% MPD and 0.15 wt% TMC
reacted for 1 min (IP@FI-3%-0.15%). The visible pores on the rear surface in Figure 2e

reveal that the nodules observed on the front surface are hollow in nature, and that the

nanofilm is a continuous sheet (Figure 2f, Figure S6, Supporting Information). Figure 2g
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shows nanofilms (IP@FI-0.05%-0.025%) transferred onto a silicon wafer. A scratch was
made to expose the wafer surface, from which the height profile from atomic force
microscopy (AFM) gives a nanofilm thickness of 6.5 £ 0.3 nm (Figure 2h). Surprisingly, this
ultrathin nanofilm was mechanically robust, exhibiting a Young’s modulus of 3.57 + 0.60
GPa (Figure S7, Supporting Information). The nanofilm was sufficiently flexible to be
transferred onto a highly porous and hydrophilic polytetrafluoroethylene (PTFE) support,
without breaking or tearing apart (Figure 2i). In contrast, polyarylate nanofilms fabricated
using a similar approach have shown defects and fragmented when thickness was reduced to
ca. 20 nm."”!

Free-standing nanofilms were transferred onto gold (Au) coated silicon wafers for X-ray
photoelectron spectroscopy (XPS) analysis. For the nanofilms ca.10 nm thick or less, an Au
peak was detected from the substrate as observed in the survey spectra (Figure 3a). Figure 3b
shows that the thickness of the nanofilms increased and the Au concentration decreased with
increasing concentration of MPD (Figures S8 and S9, Supporting Information).
Deconvolution of the C1s narrow scan spectrum confirms the presence of amide and carboxyl
groups. For ca. 15 nm thick nanofilm (IP@FI-3%-0.15%), the percentage of carboxyl groups
(~COOH) was ca. 3.8% when scanned from the front surface (Figure 3c), higher than the ca.
2.6% obtained from the rear surface (Figure 3d). Further analysis of the Nls spectrum
suggests that the rear surface has more free amine groups (ca. 8.5%) than the front surface (ca.
3.8%) (Figure S10, Supporting Information). Considering the ca. 8—10 nm penetration depth
of X-rays, the interior of the nanofilm appears to be chemically homogeneous with an amine
rich region a few nm thick on the rear surface, and a carboxyl rich region a few nm thick on
the front surface. This result agrees with zeta potential measurements (Figure 3e), which

show negative charge due to free carboxyl groups on both surfaces at pH above 4.2.
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Figure 3. Properties of free-standing polyamide nanofilms fabricated at a free aqueous-
organic interface. a) XPS survey spectra of the nanofilms under two different concentrations
of MPD and TMC. Free-standing nanofilms were transferred onto gold (Au) coated silicon
wafers. b) Plot of (i) the Au concentrations (at.%) detected from the substrate as measured
with XPS and (i1) nanofilm thickness as measured from AFM height profiles with varying
MPD concentration in the interfacial polymerization reaction. c¢) and d) XPS narrow scan
spectra of Cls measured from the front and rear surfaces of the nanofilms and the
deconvoluted spectra for the probable chemical species. Nanofilms were prepared with 3
wt% MPD and 0.15 wt% TMC reacted for 1 min (IP@FI-3%-0.15%). e) Zeta potential
curves for the front and rear surfaces of the nanofilm (IP@FI-3%-0.15%). f) Variation of
mass per unit area of the nanofilms measured with a quartz crystal microbalance under dry,
94% relative humidity (RH), and immersion (in water) environments with increasing
nanofilm thickness. The mass uptake (g water g'1 dry nanofilm) was calculated from the
increase in mass under saturated water vapour (94% RH) conditions or increase in mass upon
immersion into water.

Mass uptake (g water g dry nanofilm)
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As shown in Figure 3e, the lower negative value of the zeta potential on the rear surface
compared to the front surface is attributed to greater density of free amine groups on the rear
surface, while the net charge on both the surfaces is negative. The co-existence of free amine
and carboxyl groups on both surfaces of the nanofilm is in contrast previous reports of
chemical heterogeneity of commercial RO membranes.”™® This is perhaps because the
support and polyamide layer of commercial membranes interfere with each other and cannot
not be individually determined.!"! Figure 3f shows the mass per unit superficial area of
free-standing nanofilms under dry, 94% relative humidity (RH), and fully hydrated
conditions as measured by quartz crystal microbalance (QCM). The mass of dry nanofilm
increased proportionally with nanofilm thickness. Under a 94% RH environment, uptake of
water vapour in the nanofilms was ~0.12-0.22 g of water per g of dry nanofilm. Upon full
immersion in water, the water uptake increased from ~1.2 to 3.1 g of water per g of dry
nanofilm, as nanofilm thickness decreased from 15.5 to 6.5 nm. The free volume accessible
to water appears significantly higher for the sub-8 nm nanofilms.

Nanofilm composite membrane performances were evaluated for brackish water feed (2 g.L”!
NaCl) in a crossflow testing rig (Figure S11, Supporting Information). Due to the co-
existence of free amine and carboxyl groups on both surfaces, nanofilms with either surface
facing the feed exhibited comparable water permeances and salt (NaCl) rejections (Figure 4a,
Table S2, Supporting Information). With the rear surface as the active surface, nanofilm
composite membranes exhibited ~95% NaCl rejection, demonstrating that the visible pores in

Figure 2e are not defects but hollow features underneath the nodular separating layer (facing

top).
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Figure 4. Reverse osmosis desalination performance of nanofilm composite membranes. a)
Variation of permeance and salt (NaCl) rejection over time for nanofilm composite
membranes. Nanofilms were prepared with 3 wt% MPD and 0.15 wt% TMC reacted for 1
min at the free aqueous-organic interface (IP@FI-3%-0.15%) and then attached onto a
polysulfone support with either front or rear surfaces facing the feed (NaCl) solution. b) Plot
of the water permeance and salt (NaCl) rejection of nanofilm composite membranes versus
the pure water permeance of support membranes. All nanofilms (IP@FI-3%-0.15%) were
fabricated under identical conditions and subsequently transferred onto different supports. c)
Variation of water permeance and permeability of nanofilm composite membranes attached
onto a polysulfone support versus the nanofilm thickness. All reverse osmosis experiments
were conducted in a crossflow rig at 30 °C and 100 L.h"crossflow velocity (two parallel rows
of membrane cells at 50 L.h™) under 20 bar with 2 g.L'l NaCl feed solution. The error bars
represent the standard deviation calculated from the performance measurement of at least
three independent samples. L.m™.h ™ .bar” stands for liter per square meter per hour per bar.
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Free-standing nanofilms fabricated under identical conditions (IP@FI-3%-0.15%) were
transferred onto different supports including crosslinked polyimide (XP84), crosslinked
polyetherimide (XPEI), polysulfone (Psf), and commercial hydrophilic PTFE (Figure S12,
Supporting Information). Pristine supports exhibited pure water permeances at least two
orders of magnitude higher than the nanofilm composite membranes (Table S3, Supporting
Information). The usual assumption of the resistances-in-series model is that support
resistance is negligible,[zu implying that composite membranes with identical nanofilms
should have constant permeance regardless of the supports employed. Surprisingly, for our
nanofilm composite membranes we observed an increase of water permeance by more than 4
times as we employed increasingly higher permeance supports (Figure 4b). Since the
nanofilms were fabricated under identical conditions, independently of the support, this
cannot be attributed to the effects of the support on nanofilm formation.”?! Rather, this
experimental evidence suggests that the lateral distance that water molecules travel in the
nanofilms, and in the interlayer between the nanofilms and the supports, is significant in
determining the water transport rate (Figure S13, Supporting Information). Higher permeance
supports, with higher surface porosity or effective surface pore density, present shorter lateral
distances for water molecules to travel before encountering a pore and result in a higher flux.
This effect has been predicted theoretically in previous work, and this new experimental
evidence supports these predictions.**

Figure 4c shows permeance and permeability of water for smooth polyamide nanofilms
transferred onto polysulfone supports as a function of nanofilm thickness. All nanofilms
provided similar effective permeable area (Table S1, Supporting Information) and negatively
charged surfaces (Figure S14, Supporting Information). Hence, any variation in permeance
can be attributed to the change in nanofilm thickness. As shown in Figure 4c, the permeance

increases as thickness reduces from ~15.5 to 8 nm in a linear fashion, after which further
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reduction in thickness results in a non-linear increase in permeance. Composite membranes
comprising ~6.5 nm thick nanofilms on polysulfone supports (IP@FI-0.05%-0.025%) were
robust during crossflow filtration, maintaining performance at increasing tangential velocity
and applied pressure up to 40 bar (Figure S15, Supporting Information). These membranes
exhibited a permeance of 2.69 + 0.07 L.m™~h".bar" and NaCl rejection of 96.0 = 1.9%. This
is within the range of performance reported for commercial membranes tested by other
researchers under similar laboratory conditions, and with our own data for a selection of
commercial membranes (Figure S16, Table S4 Supporting Information). Interestingly, it is

(910.131 41 that the area

known that commercial RO membranes have a crumpled morphology,
over which liquid permeation occurs in crumpled morphologies is greater than the superficial
area of the membrane."? This suggests that the smooth polyamide nanofilms in this work, for
which the permeation and superficial membrane areas are the same, have higher permeance
than the commercial membranes when compared in terms of the actual permeation area,
rather than superficial membrane area; or put another way, it is consistent with the intrinsic
thickness of the crumpled films in the commercial membranes being somewhat higher than
the thickness of the nanofilms in this work. Indeed Yan et al. estimate that the intrinsic
thickness of commercial Hydranautics ESPA2 and DOW Filmtec™ BW30 membranes is
around 20 nm."* This work is a first, fundamental study and the techniques employed are not
yet available for commercial manufacture — the resulting membranes are equivalent in
performance, but not markedly better than, existing commercial materials. However, the
ability to produce polymer films independently of the support opens new potential for further
developments, which may ultimately lead to significantly improved membranes.

The non-linear increase in liquid permeability for the ultrathin films does not have a

precedent. The usual assumption is that the permeability is a material property and is

independent of the film thickness.”™ For the linear polymer PIM-1, the hexane permeability
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was constant for thin films with thicknesses down to ~150 nm, and decreased for sub-150 nm
thick films due to increased polymer relaxation and effective packing.'”! In contrast, the
water permeability of these highly crosslinked polyamide nanofilms was unaltered down to a
thickness of ~8 nm, and then increased by ~40% for ~6.5 nm nanofilms (Figure 4c). This is
attributed to the dramatic increase in the water uptake of sub-8 nm nanofilms which provides
greater free volume than is available within thicker nanofilms (Figure 3f). Moreover, the
presence of carboxyl and amine groups throughout the nanofilms (Figure 3c and d) may
facilitate fast water transport, whilst the relative contribution of surface charge (Figure S14,
Supporting Information) becomes more pronounced as the nanofilm thickness is reduced to
the nanometer scale. Further the tortuosity (usually >1) approaches unity for ultrathin films,
since the film thickness approaches the permeant dimensions (6 nm is equivalent to about 25
water molecule diameters). These sub-8 nm nanofilms transferred onto the ~200 nm pore size
PTFE supports (IP@FI-0.05%-0.025%-PTFE) were sufficiently rigid to withstand
pressurization at 20 bar, and exhibited a water permeance of 4.06 + 0.18 L.m™.h"" .bar”" with
NaCl rejection of 93.3 + 0.8% (Table S2, Supporting Information).

We report smooth polyamide nanofilms fabricated at a free aqueous-organic interface and
used to form nanofilm composite membranes for desalination. This approach enables the
control of nanofilm thickness from ~6 to 15 nm, and the nanofilms exhibit a non-linear
increase in permeability as the thickness reduces below 8 nm. Supports with higher
permeance offer shorter lateral distances for water molecules to travel, resulting in >4 times
faster water transport compared to composite membranes with identical free-standing
nanofilms and lower support permeance. Composite membranes comprising sub-8 nm
nanofilms show similar performance to commercial membranes with crumpled surface

morphologies. This study suggest that both nanofilm thickness and support permeance could
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be engineered to create RO membranes with significantly higher permeance, and comparable

rejection, to those employed in industry.
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Experimental details
Chemical used

Polyimide (PI) polymer (P84) was purchased from HP Polymer GmbH (Austria). Hydrophilic
polytetrafluoroethylene (PTFE) membrane filters were purchased from Advantec Japan.
Commercial membranes including Dow Filmtec™ SW30HR, TriSep™ X20, and GE
Osmonics™ AG were purchased from Sterlitech Corporation USA. Trimesoyl chloride
(TMC) 98%, m-phenylenediamine (MPD) flakes 99%, polysulfone pellets with average
molecular weight 35,000 g.mol’l, 1,6-hexanediamine (HDA) 99.5% were purchased from
Sigma Aldrich, UK. Vacuum sublimation (1x107 mbar) was used to purify m-
phenylenediamine at 80°C. Single crystal silicon wafers (phosphorous doped, (100) polished)
were purchased from Si-Mat Germany and used as a substrate for atomic force microscopy
(AFM) measurement. PLATYPUS' silicon wafers with 100 nm thick gold coating were
purchased from Agar Scientific, UK and used for X-ray photoemission spectroscopy (XPS)
studies. Dimethylformamide (DMF) and n-methyl-2-pyrrolidone (NMP) used for making

polymeric supports were purchased from VWR, UK.
Characterization methods

Quartz crystal microbalance (QCM)
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The mass of the nanofilms was estimated using a quartz crystal microbalance (QCM200,
Stanford Research Systems, Sunnyvale, USA). AT-cut quartz crystals with Cr/gold electrodes
and a fundamental oscillating frequency of 5 MHz (Stanford Research Systems, Inc.) were
used as the probe. Measurements were taken at a 1s interval and the accuracy of the
frequency counter was 0.1 Hz. Free-standing nanofilms were transferred directly onto the
quartz crystal and dried at 50°C for 3 h under vacuum, followed by continuous drying at

room temperature overnight without breaking vacuum.
X-ray photoelectron spectroscopy (XPS)

Oxford Materials Characterization Service and BegbrokeNano, Department of Materials,
Oxford University provided the X-ray photoemission spectroscopy (XPS) study. Free-
standing nanofilms were floated on a water surface and transferred onto a PLATYPUS " gold
coated silicon wafer, washed in water and dried. The survey spectra and core level XPS
spectra were recorded from at least three different spots on a sample with size 400 x 400 pm?.
XPS was performed in an ion pumped VG Microtech CLAM 4 MCD analyser system. 250
Watt monochromatic Al Ka (1468.68 eV) excitation was used. The analyser was operated at
constant pass energy of 200 eV for wide scans and 20 eV for detailed scans setting the Cls
peak at BE 285 eV to overcome any sample charging. Data was obtained using SPECTRA
version 8 operating system. Data processing and deconvolution of narrow scan spectra were
performed in CasaXps software. Peak areas were measured after satellite subtraction and
background subtraction, either with a linear background or following the methods of Shirley,
as reported elsewhere.!"! The area under the principal peak of each element in the spectrum,
divided by an empirically derived sensitivity factor, is proportional to the concentration of

that element on the surface (for approximately the top 10 nm).

Scanning electron microscopy (SEM)
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The surfaces and cross-sectional scanning electron microscopic images of different nanofilms
were characterized by high resolution scanning electron microscope (SEM), LEO 1525, Karl
Zeiss with an accelerating voltage of 5 kV. A 5 nm thick (measured with attached QCM
thickness monitor) coating of chromium was sputtered (Q150T turbo-pumped sputter coater,
Quorum Technologies Ltd.) under an argon atmosphere (2 x 10? mbar) to achieve a

minimum conductivity and avoid sample charging.
Atomic force microscopy (AFM)

Multimode 8 (Bruker, CA, USA) atomic force microscope (AFM) equipped with E — type or
J — type pizzo scanner was used to measure the thickness, surface roughness, and the scanned
area per unit projected area (actual area per unit superficial area) of the nanofilms. Samples
were attached onto a magnetic sample disk using double sided tape. The images were
captured under tapping mode using PointProbe® Plus silicon-SPM probes (PPP-NCH,
Nanosensors' ", Switzerland) with typical tip radius of less than 7 nm. The cantilever
resonance frequency was in the range of 204 — 497 kHz with a nominal spring constant of 42
N.m". A sampling resolution of at least 512 points per line and a speed of 0.2 — 1 Hz were
used. Gwyddion 2.44 SPM data visualization and analysis software was used to process the
AFM images. Surface roughness is presented as root-mean-square roughness (Rys). Surface
morphology, roughness parameters and the thickness were estimated from AFM scans on
different substrates. To measure the thickness, free-standing nanofilms were transferred to
silicon wafers and dried. A scratch was made to expose the wafer surface and allow
measurement of the height from the silicon wafer surface to the nanofilm surface. Nanofilm
thickness was estimated from the height difference between the silicon and the nanofilm

using a one dimensional statistical function.

Conductivity measurement
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The conductivity of solutions was measured by the Hanna HI 8733 conductivity meter, to

give concentration of dissolved NaCl ions in the permeate (C,) and feed (Cr). At least 20 ml
solution was collected each time for the measurement. The rejection (R;) of the membranes
was calculated from the conductivity ratio between the permeate solution (ay,) to the feed
solution (ay) and the crossflow rig was used to ensure good mixing (high mass transfer) in the

process.

Cyp(op) .
R. =1 — -2 Equation S1
g ER quation

Zeta potential measurement at the membrane surface

The zeta potential of the membrane surface was measured by SurPASS zeta potential
analyser from Anton Paar Ltd. A rectangular clamp cell was used to fix the membrane
samples. For each test, a membrane sheet (1 x 2 sz) was cut and attached onto a holder with
water-proof double-sided tape, followed by fixing the holder into the rectangular clamp cell.
The system was washed with DI water prior to each test. The pH and conductivity were
calibrated before each test. The 50 mM HCI and NaOH solutions were used to vary the pH in

the system by titration from 4 to 11, while the zeta potential of the surface was measured.
Fabrication of polymeric supports via phase inversion

Polyimide support membranes were bench cast on an Elcometer 4340 Automatic Film
Applicator. Dope solution was made by dissolving 22 wt% polyimide powder in DMF and
stirred overnight. Prior to casting, the dope solution was allowed to stand for 3 hours to
remove air bubbles. The gap between the casting knife and the polypropylene non-woven
backing (Novatexx 2471, Freudenberg, Germany) was set at 250 um. The casting speed was
fixed at 7 cm.s”. Immediately after casting onto the non-woven backing, the dope/non-woven

composite was immersed in a water bath to perform phase inversion.
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Polysulfone membranes were cast using a continuous casting machine (Sepratek, South
Korea). The dope solution was prepared by dissolving 17 wt% polysulfone pellets in NMP
and stirred overnight. Prior to casting, the dope solution was allowed to stand for 3 hours to
remove the air bubbles. The gap between the casting knife and the polypropylene non-woven
backing was set at 150 um. The casting speed was controlled by the winder tension. After
casting on the non-woven backing, the dope/non-woven composite was underwent phase

inversion through tangential entry into the water bath.

All support membranes were cast in a room with controlled temperature (25 °C) and humidity
(30%), and subsequently transferred into water and stored in a cold room at a constant

temperature of 4 °C.
Synthesis of polyamide nanofilms at a free aqueous-organic interface

A free aqueous-organic interface was created between an aqueous phase containing MPD and
a hexane phase containing TMC in a glassware container. After 1 min reaction, nanofilms
were picked-up on a substrate and rinsed with excess hexane to remove residue TMC,
followed by floating them on a water surface for relaxation. The nanofilms were then
transferred onto various supports to incorporate them into thin film composite membranes for
desalination experiments, or onto substrates for characterization. The thickness and surface
roughness of the nanofilms was controlled by tuning monomer concentrations as listed in

Table S1.
Desalination experiments by reverse osmosis in a crossflow rig

All membranes were tested in a crossflow rig with 8 stainless cells (Figure S11) in two
parallel rows each containing 4 cells in series. The membranes were placed on the sintered

disc and sealed by the inner O-ring, and mounted in the cell (Figure S11). The flow rate was
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provided by the liquid pump and maintained greater than 100 L.h™' through two parallel rows
(each row 50 L.h™). The cell input flow (feed in) was introduced tangentially to create good
mixing close to the membrane surface so as to minimise concentration polarisation. The
operating conditions for all nanofilm composite membranes used 2 g.L"' NaCl solution as the
feed at 30 °C under 20 bar. The water permeance of nanofilm composite membranes, Pypgc,

was calculated following Equation S2.

%4
A.AtAP

Pypc = Equation S2

where V is the volume of permeate collected (L), A is the superficial area of the membrane
(m?), At is the time elapsed for collecting the required permeate volume (h), AP is the
transmembrane pressure (bar). The unit of the permeance was liter per square meter per hour

per bar (L.m'z.h'l.bar'l) which is the conventional standard.
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TMC in hexane

Polyamide at interface

MPD in water

Substrate f 10em

€ ¢
.1 '""y,_"”‘n g

W =737 = y-phenylenediamine (MPD) ¢ = _r,  =trimesoyl chloride (TMC)
Figure S1. Schematic of free-standing polyamide nanofilms fabricated at a free interface. a)
Instantaneous formation of polyamide nanofilm at the interface between an aqueous phase
containing MPD and a hexane phase containing TMC. b) Free-standing polyamide nanofilms
were picked-up by a substrate. ¢) Polyamide nanofilms with diameter ~10 cm and thickness
varying from ~6 to 15 nm were lifted out of the biphasic mixture. d) Nanofilms were floated
off the substrate onto a water surface. e) Defect-free nanofilms were allowed to extend on the
water surface. f) Nanofilms were transferred onto the supports. g) A nanofilm composite
membrane with the polyamide nanofilm as the active layer on the support.

Figure S2. Photograph of a free-standing ultrathin nanofilm with 10 cm diameter transferred
onto a substrate.
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Table S1. Properties of nanofilms fabricated at a free aqueous-organic interface.

Polyamide nanofilms | Thickness RMS Actual area per | COOH Mass per unit | Water uptake®
made at the free aqueous- | from AFM' roughness’ superficial area’ content’ superficial

organic interface (FI)* area®

(IP@FI-MPD wt%-TMC | (nm) Rims (nm) ) (%) (ng.cm™) (g water g dry
wt%) nanofilm)
IP@FI-0.01%-0.005% 45+£03 0.18 £0.01 1.00 ND ND ND
IP@FI-0.05%-0.025% 6.5+03 0.27 £0.02 1.00 35+03 0.78 £0.02 3.06 £0.40
IP@FI-0.06%-0.03% 6.8 £0.1 0.30 £0.01 1.00 ND 0.99 +0.08 241 +041
IP@FI-0.1%-0.05% 83+0.5 1.11 £0.18 1.00 3.0+0.1 1.05 £0.08 2.00 £0.31
IP@FI-0.2%-0.1% 8.5+0.1 1.63 £0.21 1.00 34+03 1.44 £0.04 1.74 £0.20
IP@FI-1%-0.05% 11.3£0.8 3.70 £0.41 1.01 3.9+0.1 1.82 £0.02 1.66 +0.15
IP@FI-2%-0.1% 13.0£0.5 5.93 £0.52 1.02 35+03 2.79 £0.05 1.20 £0.16
IP@FI-3%-0.15% 155+0.3 848 +1.11 1.02 3.8+0.1 3.13£0.23 1.15£0.20

"The reaction time for all nanofilms was 1 minute. ‘Thickness, root-mean-square (RMS) roughness and actual area per superficial area of
nanofilm were measured on silicon wafers by AFM. *COOH content was estimated from the core-level Cls XPS spectra of free-standing
nanofilms transferred onto gold-coated silicon wafers. "Water uptake was the mass of water sorption per unit mass of dry nanofilms as

measured by QCM.

Figure S3. AFM height images of the nanofilms fabricated using different methods. a)
Nanofilms made via conventional interfacial polymerization on a polysulfone support, RMS

roughness 52.8 + 0.6 nm. b) Nanofilms made via controlled interfacial polymerization with a
sacrificial layer on a polysulfone support, RMS roughness 54.8 + 1.2 nm. c¢) Nanofilms made
at a free aqueous-organic interface, RMS roughness 5.9 + 0.5 nm. All polyamide nanofilms
were fabricated from same reactant concentrations of 2 wt% MPD and 0.1 wt% TMC reacted

for 1 min.
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At the free interface, the nanofilm is formed on the bulk water surface rather than a very thin
(not bulk) aqueous layer on/in a porous support (Figure S4). Polymeric supports and the
sacrificial layer are poor for heat transfer, so the heat dissipates through the bulk hexane layer
when interfacial polymerization is on the supports. Since water has a higher heat capacity
than hexane, the local temperature rises are reduced and smoother nanofilms are created

when interfacial polymerisation is takes place at the bulk liquid interface.

a
& [
';s/"‘-r:‘ . . ":‘-(L"'j;‘ . .
¥ = 7 =m-phenylenediamine (MPD) ¥= <& = trimesoyl chloride (TMC)
o

Figure S4. Schematic of heat dissipation pathways for nanofilms made a) on polymeric
supports at a supported aqueous-organic interface and b) at a free aqueous-organic interface.

EHT = 500KV Signel A = InLens Dete :26 May 2015 ﬁ

EHT = 1000k Signal A= InLens Date 22an2016 [ EHT = 500k ‘Signal A= InLens Date 20Janz0s [
WD= 28mm Mag = 100.00 K X Time 174208 W= 81 mm Meg = 10000 KX Time 183058 H WO =117 mm Mag=100.00 K X Tims A7:06:40

Figure S5. SEM images of nanofilms made from high monomer concentrations. a) MPD 3
wt% and TMC 1.5 wt%, b) MPD 4 wt% and TMC 2 wt%, and ¢) MPD 6 wt% and TMC 3
wt% reacted for 1 min at a free aqueous-organic interface and then transferred onto
polysulfone supports.
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. Front s%ce

Figure S6. SEM images of buckling nanofilms made at a free aqueous-organic interface from
a) MPD 3 wt% and TMC 0.15 wt% reacted for 1 min (IP@FI-3%-0.15%) and b) MPD 0.1
wt% and TMC 0.05 wt% reacted for 1 min (IP@FI-0.1%-0.05%).

Figure S7. AFM height images of wrinkled nanofilms made at a free aqueous-organic
interface from MPD 0.05 wt% and TMC 0.025 wt% reacted for 1 min (IP@FI-0.05%-
0.025%) and subsequently transferred onto an elastomer. a) Top view height image and b) 3D
height image.

For the ultrathin and smooth nanofilm, the elastic modulus can be measured by transferring
onto a stretched PDMS elastomer.'! After the PDMS elastomer relaxes, the nanofilm buckles
and wrinkles appear. By measuring the wavelength of wrinkles (Figure S7), the Young’s

modulus of the nanofilm can be calculated as:

a2 )? .
Enf = 3E; m (Zthf) Equation S3
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where E and v are the elastic modulus and the Poisson’s ratio, the subscripts s and nf denote
the substrate (PDMS elastomer) and the nanofilm, and A is the wavelength of the wrinkles.
The Young’s modulus of the elastomer was 1.86 = 0.15 MPa, and the Posisson’s ratio of
elastomer and nanofilm was assumed to be 0.49 and 0.39 respectively.'! The wavelength of
the wrinkles for the ca. 6.5 nm nanofilm (IP@FI-0.05%-0.025%) was measured 338 + 19 nm,
exhibiting a Young’s modulus of the nanofilm 3.57 £ 0.60 GPa. This is somewhat higher than
the mechanical strength we reported earlier for nanofilms created on a sacrificial layer,[l] and

we note that this calculation is highly sensitive to nanofilm thickness.

1 pm EHT =1000kV al i EHT = 500 kV Signal A = InLens. Date :14 Mar 2016
F——— wo=esmm B Kx | wo=81mm Mag= 50.00KX Time :11:04:32

&
|
~4 s
SgralA=hlens  Dae $Feb201s [
Mag = 50.00K X Tima 18:30

Figure S8. SEM surface images of nanofilms made with various monomer concentrations
reacted for 1 min at the free aqueous-organic interface. a) Cypp:Crmc (mass concentration
ratio of MPD and TMC) = 0.01:0.005. b) Cypp:Crmc = 0.05:0.025. ¢) Cypp:Crme = 0.1:0.05.
d) Cvmpp:Crvmc = 0.2:0.1. ) Cypp:Crme = 1:0.05. ) Cyvpp:Crmc = 2:0.1. (a-¢) nanofilms were
transferred onto alumina supports, and (d-f) nanofilms were transferred onto polysulfone
supports.
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Figure S9. AFM height images and profiles for nanofilms made under controlled conditions
at a free aqueous-organic interface followed by transfer onto silicon wafers. a-c¢) Cypp:Crmc
= 0.01:0.005. d—f) CMpDicTMC = 0.05:0.025. g—l) CMPD:CTMC = 0.1:0.05. J—l) CMPD:CTMC =
0.2:0.1. m—o) CMPD:CTMC = 1:0.05. p—I') CMPD:CTMC = 2:0.1. S—u) CMPD:CTMC = 3:0.15. hnf
denotes the thickness of the nanofilm.
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Figure S10. Nls narrow scan spectra and the deconvolution spectra for the nanofilms
(IP@FI-3%-0.15%). a) from the front surface and b) from the rear surface.
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Figure S11. Photograph of a) the crossflow rig containing 8 cells (4 cells in two parallel
rows) for desalination testing and b) the filtration cell for mounting the nanofilm composite

membranes.

Table S2. Performance of composite membranes comprising polyamide nanofilms
fabricated at a free aqueous-organic interface and transferred onto various supports.

Nanofilms made at the free interface and | MPD TMC Support? Water NaCl
transferred onto supports (FI)* concentration concentration permeance’ rejection®
(IP@FI-MPD wt%-TMC wt%-support) (Wt %) (Wt%) (L.am%h™ bar™) (%)
IP@FI-0.05%-0.025%-PTFE 0.05 0.025 PTFE 4.06+0.18 93.3+0.8
IP@FI-0.05%-0.025%-Psf 0.05 0.025 Polysulfone 2.69 £0.07 96.0+19
IP@FI-0.06%-0.03%-Psf 0.06 0.03 Polysulfone 2.50+£0.03 92.7+0.6
IP@FI-0.1%-0.05%-Psf 0.1 0.05 Polysulfone 1.58 £0.11 94.5+04
IP@FI-0.2%-0.1%-Psf 0.2 0.1 Polysulfone 1.55+0.14 954+28
IP@FI-1%-0.05%-Psf 1 0.05 Polysulfone 1.20 +0.05 984 +1.1
IP@FI-2%-0.1%-Psf 2 0.1 Polysulfone 0.99 +0.05 932+4.0
IP@FI-3%-0.15%-Psf 3 0.15 Polysulfone 0.75 £0.05 95.5+4.1
IP@FI-3%-0.15% -Psf-flipped’ 3 0.15 Polysulfone 0.67 £0.05 95.0£1.5
IP@FI-3%-0.15%-XP84 3 0.15 XP84 0.32£0.01 979 +1.1
IP@FI-3%-0.15%-XPEI 3 0.15 XPEI 0.55+0.02 94.6+2.0
IP@FI-3%-0.15%-PTFE 3 0.15 PTFE 1.49+0.11 95315

"The reaction time for all nanofilms was 1 minute. 'Nanofilms were flipped over with the rear (aqueous facing) surface in contact with the
feed and the front (hexane facing) surface attached to the support. *Supports include crosslinked polyimide (XP84), crosslinked
polyetherimide (XPEI), polysulfone (Psf), and hydrophilic polytetrafluoroethylene (PTFE). ‘Water permeance and NaCl rejection were
measured in a cross-flow rig at 30 °C under 20 bar with 2 g.L”' NaCl solution as the feed. L.m™h" .bar”" stands for liter per square meter per

hour per bar.
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Figure S12. Surface and cross-sectional SEM images of support membranes. a and b) XP84
supports. ¢ and d) XPEI supports. e and f) Polysulfone supports. g and h) Hydrophilic PTFE

supports.
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Table S3. Ratio of support permeance to nanofilm composite membrane permeance.

Polyamide nanofilms made at the free | Support Pure water permeance of | Water permeance of | Permeance
interface (IP@FI) or by conventional support membranes, nanofilm composite | ratio,
interfacial polymerization (IP) Poupport membranes, Pxrc

(Method-MPD wt%-TMC wt%-support) (L.m2h"bar™) (L.m>.h™".bar™) Poupport/Prrc
IP@FI-3%-0.15%-XP84 XP84 106 +8 0.32+0.01 330
IP@FI-3%-0.15%-XPEI XPEI 125+6 0.55+0.02 230
IP@FI-3%-0.15%-Pst Polysulfone 256 +9 0.75+0.05 340
IP@FI-3%-0.15%-PTFE PTFE 407 + 10 1.49£0.11 270
1P-2%-0.1%-Psf" Polysulfone 256+9 2.90 £0.20 88

"The pure water permeance of the support was measured in a crossflow rig at 30 °C under 1 bar. L.m2h".bar" stands for liter per square
meter per hour per bar. "The membrane was made via conventional interfacial polymerization process on a polysulfone support membrane,
for which the membrane surface appears crumpled as shown in Figure S3a.

If a simple resistances-in-series model applies to the water transport through the nanofilm
composite membranes, the permeance (normalized by pressure) of nanofilm composite
membranes, Pyrc, should follow Equation S4. For the pristine support membrane i, the pure

water permeance, Pg,;y,0rt,i, can be expressed as Equation S4.

1

Pypc = R R , Equation S4
nanofilmTRsupport,i
1
)2 L= Equation S5
support,i Rsupport.i q

where Ry gnofiim 18 the resistance of the polyamide nanofilms, Ry pport, 18 the resistance of

the support membrane i.

The usual assumption is that the resistance of support membranes is negligible. If so,

Equation S4 can be simplified as Equation S6.

1 :
Pypc = — Equation S6

Rnanofilm
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In Table S3, the permeance of composite membranes comprising nanofilms transferred onto
XP84 support (IP@FI-3%-0.15%-XP84) was 0.32 L.m>h ™ .bar'. According to Equation S6,

the resistance of nanofilm can be calculated as:

1

. =~ = -1 3
Ryanofiim P P@FI—3%—015%—XF3d) 3125 h.bar.m Equation S7

For the polysulfone support membrane, the resistance can be calculated from Equation S5 by

giving the support permeance as 256 L.m™>h".bar” (Table S3).

1

Rsypport,psf = =39 h.bar.m™? Equation S8

Psupport,Psf

Since the nanofilms were made under identical conditions at the free aqueous-organic
interface, their resistance will be the same when they are transferred onto polysulfone support.
By substituting resistances of the nanofilm and the polysulfone support membrane from
Equation S7 and S8 into Equation S4, the permeance of nanofilm composite membrane on

the polysulfone support (IP@FI-3%-0.15%-Psf) can be obtained as:

L = 0.32L.m~2.h~L. bar1

Rnanofilm +Rsupport,Psf

This remains the same as composite membranes comprising nanofilms are transferred onto
the XP84 support (IP@FI-3%-0.15%-XP84). However, as shown in Table S3, the
experimentally measured permeance for nanofilms transferred onto the polysulfone support
(IP@FI-3%-0.15%-Psf) was 0.75 L.m2h".bar", more than double the calculated value from
the model. Therefore, the assumption that the support resistance is negligible is not valid. In
fact, the support membrane and permeance significantly affect the overall permeance of

nanofilm composite membranes.
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Figure S13. Schematic of postulated sliding flow effect for water molecules in the interlayer
between the nanofilm and the support. a) Nanofilm composite membranes comprising dense
polyamide nanofilms on supports with pore sizes ranging from ~10 to 200 nm. b) Interlayer
between the nanofilm and the support. ¢) Water molecules transport through composite
membranes, after which they travel lateral distances to the closet pores on the support for
further filtration. d) Top view of c.
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Figure S14. Zeta potential of polyamide nanofilms fabricated from different monomer
concentrations at a free aqueous-organic interface.
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Figure S15. Performance of composite membranes comprising ~6.5 nm nanofilms on
polysulfone supports at different operating conditions. a) increasing crossflow velocities per
row of membrane cells and b) increasing applied pressures. All data in a) were collected in a
crossflow rig under 15.5 bar with 2 g.L’1 NaCl feed solution at a recovery of 15%. All data in
b) were collected in a crossflow rig with 50 Lh' per row of membrane cells with 2 g.L‘1
NaCl feed solution at a recovery of 15%.
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Figure S16. Permeance and NaCl rejection of commercial RO membrane (SW30) and
brackish water membranes (X20 and GE AG) determined in this work. Operating conditions
are listed in Table S4.
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Table S4. Performance of commercial RO and brackish water membranes. All
experiments involving Dow Filmtec™ BW30 were conducted in the laboratories of the
referenced researchers.

Membrane | Operating NaCl concentration | Permeance Rejection Ref.

type pressure (bar) (g.L'l) (L.m'z.h'l.bar'l) (%)

BW30 5 0.5 3.6 93.5 2

BW30 155225 psi) | 1.5 2.71 94.8 3

BW30 10 0.5 2.5 95.0 4

BW30 5 0.585 (10mM) 2.7 96.0 5

BW30 8 2 2.8% 96.9 6

BW30 13.8 0.585 (10mM) 3.96%* 97.9 7

BW30 15.5 2 2.15 98.6 8

BW30 15.5 2 3.47 98.8 9

BW30 15 2 3.33 99.2 10

SW30 20 2 0.70 93.8 Tested in
our lab

X207 20 2 2.87 98.7 Tested in
our lab

GE AG 20 2 2.45 90.2 Tested in
our lab

*Data were collected for pure water. T X20 is based on polyamide-urea chemistry while all other membranes are based on polyamide
chemistry.
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