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ABSTRACT: We fabricated a thin-film composite (TFC) forward osmosis (FO)
membrane with an ultrathin spray-coated carbon nanotube (CNT) interlayer. The impact
of the CNT interlayer on the polyamide (PA) layer structural properties and transport
behavior in FO were investigated. Results indicate that the CNT interlayer provides an
interface which enables the formation of a highly permeable and selective PA layer with a
large effective surface area for water transport, while inhibiting the formation of a flower- TFC-PA
like PA structure inside the substrate pores. The TFC-FO membrane with the CNT
interlayer exhibited a much greater water flux than previously reported for FO membranes,
while maintaining comparable salt rejection. Specifically, a membrane perm-selectivity or
ratio of water (A) to salt permeability coefficients (B) (A/B value) of 39 bar™" was achieved
for the TFC-PA-CNT membrane. Implications of the results for the fabrication of high-

performance TFC-FO membranes are further discussed. N v"; G - T -
TFC-PA-CNT
B INTRODUCTION result in highly permeable and selective layers. The interlayer

material can also prevent the interference of a support
membrane during the formation of the PA film, thus allowing
a wider range of support materials for osmotic membranes with

Osmotically driven membrane processes, such as forward
osmosis (FO) and pressure-retarded osmosis (PRO), have
been extensively investigated for production of fresh water from

a variety of water sources, concentration of aqueous products, reduced ICP. Moreover, there is a critical need to understand
and generating power from natural or anthropogenic salinity the impact of interlayers on the structural and transport
gradients."™* Highly selective osmotic membranes that allow properties of the PA layer to better design and optimize TFC-
fast water transport and maintain low salt permeation are at the PA osmotic and desalination membranes.

core of these emerging technologies. Thin-film composite In this study, we spray coat an ultrathin carbon nanotube
(TFC) polyamide (PA) membranes with superior selectivity (CNT) layer on a porous poly(ether sulfone) (PES) support to
and water permeability provide materials for state-of-the-art fabricate a high-performance TFC membrane with a highly

. 5-9
osmotic membranes. However, water flux of TFC permeable and selective polyamide layer. We investigate the top

membranes is significantly constrained by internﬁ% concen- and back surfaces, cross-sectional morphology, and chemical
tration polarization (ICP) W.ithifl the support layer. composition of the PA layer formed on the PES support, with

Recently, membranfl fabrication studies halvze reported the and without a CNT interlayer. Water and reverse salt fluxes of
use of nanostrands, ~ carbon nanotubes,  or cellulose the fabricated TFC-PA osmotic membranes were evaluated to

nanofibers'® as an interlayer or sublayer to produce a thin . . .
. 4 . 4 P I determine the membrane perm-selectivity. We also elucidate
defect-free PA selective layer to improve water permeability of : )
the impact of the CNT interlayer on the structural and

TFC membranes. Such interlayers have only been applied to ) ¢ 1 ‘ Eabri
fabricate a relatively loose selective layer for nanofiltration transport properties of the PA layer of the fabricated

membrane for rejection of organic dyes and divalent ions. To membrane.

date, however, no studies exist on the use of such interlayer or

sublayer for the fabrication of dense, highly selective PA layers Received: March 26, 2018

for osmotic or desalination membranes. Revised:  April 11, 2018
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Figure 1. Surface properties of pristine PES and CNT-coated PES membranes (denoted as PES-CNT): (A, E) SEM and (B, F) AFM images, (C)
surface porosity and pore size distribution, and (G) water contact angle. Transport properties of pristine PES and PES-CNT membranes: (D) water
permeability coefficient determined with dead-end filtration unit at hydraulic pressure of S bar and (H) rate of salt diffusion across the membrane as

a function of time obtained from diffusion cell experiments.

B MATERIALS AND METHODS

Thin-Film Composite Membrane Fabrication. The
fabrication process of the TFC-FO membrane with a CNT
interlayer is illustrated in Figure S1. A suspension of single wall
CNTs (diameter of <2 nm, length of 5—30 ym, and purity of
>95% from Aladdin Co., Ltd., Shanghai, China) coated with
polydopamine (PDA) was prepared following the reported
protocol.'> The prepared S mL of the PDA-coated CNT
suspension (0.183 mg/mL) was spray coated on a commercial
PES microfiltration membrane with a nominal pore size of 0.22
um (Yibo Co., Ltd,, Zhejiang, China) using an airbrush (LPH-
50-S9, Anest Iwata, Japan) at 0.1 MPa and at a 30 cm distance
from the membrane at room temperature under 20 RH%
humidity. After drying at 60 °C for 0.5 h, the CNT-coated PES
membrane was prewetted in DI water for 0.5 h. The polyamide
(PA) selective layer was formed on the CNT interlayer via
interfacial polymerization (IP) of m-phenylenediamine (MPD,
3.4 wt %) in water and trimesoyl chloride (TMC, 0.15 wt %) in
hexane following our previous work.'* More details on the
fabrication of the TFC-FO membrane are provided in the
Supporting Information. The photographs of the prepared
TFC-FO membranes are shown in Figure S2.

Membrane Characterization. Scanning electron micros-
copy (SEM, S-4800, Hitachi, Japan) was used to observe the
surface and cross-sectional morphologies of the prepared TFC-
FO membranes. Membrane samples were coated with platinum
(Pt) for 100 s utilizing an EMITECH SC7620 sputter coater.
X-ray photoelectron spectroscopy (XPS, Thermo Esca Lab
250Xi, USA) was employed to determine the cross-linking
degree of the PA film by analyzing the elemental composition
of the top and back surfaces of the PA layer following the
reported method.”> Atomic force microscopy (AFM, Multi-
Mode 8, Veeco, US) was used to investigate the membrane
surface roughness in tapping mode at a scan rate of 1 Hz using
TESP tips (Sharp silicon probe, 42 N/m, 320 kHz, tip radius 8
nm, Bruker, USA). AFM images were processed using
Nanoscope Analysis software to determine membrane surface
roughness. The water contact angles (WCA) were measured
using an optical instrument (OCA20, Data Physics, Germany)
at room temperature. A 3.0 uL DI water droplet was dropped
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from a microsyringe on the membrane surface, and images of
dynamic droplet shape were recorded. The water contact angle
was determined from the recorded images using the automated
Drop Shape Analysis software (SCA20 Version 2). The size and
distribution of pores were evaluated by analyzing SEM images
of the synthesized PA film using the Nano Measurer software.
The surface porosity was determined using the Image] software.
At least nine SEM images from three individual samples were
analyzed to obtain an average value.

Membrane Performance Evaluation. Water flux of the
TFC-PA and TFC-PA-CNT membranes were measured in a
cross-flow lab-scale FO system (Figure S3). The feed and draw
solutions were DI water and 1 M NaCl solution, respectively, at
a temperature of 25.0 + 0.5 °C. The membranes were tested
under both PRO (active layer facing draw solution) and FO
(active layer facing feed solution) modes. The water
permeability coefficient (A), salt permeability coefficient (B),
and structural parameter (S) of the TFC-FO membrane were
determined according to the previously developed FO
characterization method.' More details on the TFC-FO
membrane performance evaluation are provided in the
Supporting Information.

A lab-scale diffusion cell (Figure S4) was used to measure the
rate of salt (NaCl) diffusion across the pristine PES and CNT-
coated PES (denoted as PES-CNT) membranes. One chamber
was filled with 35 mL of DI water and another with 35 mL of 1
M NaCl solution. The membrane was placed in between two
chambers. The solution conductivity in the DI water chamber
was monitored using a conductivity meter (CON2700, Eutech,
USA). The rate of salt diffusion over time was determined
based on a calibration curve of salt concentration versus
solution conductivity.

B RESULTS AND DISCUSSION

Impact of CNT Interlayer on Porous Support Proper-
ties. Spray coating allows for the deposition of an ultrathin
CNT film layer on the porous substrate. Surface properties of
the CNT-coated PES membrane (PES-CNT) including
morphology, pore size, porosity, roughness, and hydrophilicity
were investigated. Such substrate surface properties have been
reported to influence the formation of a PA selective layer
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Figure 2. (A, B, E, and F) Morphologies of top surface and (C, D, G, and H) back surface of PA layer formed on pristine PES substrate (TFC-PA
membrane) and CNT-coated PES substrate (TFC-PA-CNT membrane). (I) Size distribution of flower-like structure developed on back surface of
PA layer determined from SEM image shown in panel C. (J) Surface porosity and surface pore size distribution determined from SEM images shown
in panels C and D. Proposed cross-sectional structures of PA layer formed on (K) pristine PES support and (L) CNT-coated PES support. A, C, D,
E, G, and H are SEM images, and B and F are AFM images. White dashed line of the AFM images (B, F) marks the location where the cross-

sectional height profiles were obtained.

during interfacial polymerization.'’ >’ As Figure 1E shows, the
PES-CNT membrane has a continuous and porous CNT
network structure covering the underlying PES substrate
(Figure 1A). The large pores of PES substrate underneath
the CNT network are discernible from SEM and AFM images
of the PES-CNT membrane (Figure 1E and F) due to the
ultrathin CNT layer. The statistical analysis based on the SEM
images (Figure 1A and E) indicates that the average surface
pore size substantially decreased from 702 + 36 to 21 + 7 nm
for the pristine PES and PES-CNT membranes, respectively,
after CNT spray coating. Notably, the surface porosity
increased upon spray coating of the CNT interlayer, likely
due to the porous structure of the fibrous CNT interlayer
(Figure 1C). The CNT interlayer provides a smoother surface
as evidenced by a lower roughness of the PES-CNT membrane
compared to the pristine PES substrate (Figure 1B and F).
Water contact angles of the PES-CNT and pristine PES
membranes were measured to be comparable, suggesting that
these membranes have similar surface hydrophilicity (Figure
1G and Figure SS).

Water permeability coefficients of the pristine PES and PES-
CNT membranes were comparable (~17,000—18,000 L m™
h™" bar™!, Figure 1D) and much higher than that of
ultrafiltration membranes (approximately 300—800 L m™ h™!
bar™!) widely used as a TFC osmotic membrane substrate.”"*”
It is worth noting that the rate of salt diffusion across the PES-
CNT membrane is faster than that across the pristine PES
membrane (Figure 1H), implying a reduced resistance to salt
transport through the PES-CNT substrate, and it can be
beneficial to have a TFC osmotic membrane with a lower
extent of ICP within the support layer.

Impact of CNT Interlayer on Polyamide Layer
Structure. The PA layer of the TFC-PA-CNT membrane
was rich in characteristic ridge-and-valley and leaf-like
structures with a higher surface roughness (Figure 2E and F)
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than that of the TFC-PA membrane which had a typical
“nodular” feature with a few leaf-like structures (Fi%ure 2A).
This observation agrees with the literature results™ that a
rougher PA layer is formed on a relatively dense substrate
because a higher interfacial instability induced by heat
generated from fast IP reaction between MPD and TMC
provides additional interfacial area to form PA sublayers.
Interestingly, the back surface of the PA layer of the TFC-PA
membrane was abundant in flower-like structures that covered
much of PES substrate surface porosity (Figure 2C and D and
Figure S7). The size of such a flower-like structure is
remarkedly larger than the substrate pores. We hypothesize
that these flower-like structures are the PA film formed inside
the pores of a PES support (pore size of 0.22 um). The
observed large flower-like PA structure may be created due to
the diffusion of MPD across the sponge-like interpores of the
PES support to react with TMC, forming PA pillars with a big
head as illustrated in Figure 2K. In contrast, nanofibrous CNT
bundles are observed on the back surface of a PA layer of the
TFC-PA-CNT membrane (Figure 2G and H and Figure S7).
Numerous voids that provide comparable pore size and
porosity are present on the back surface of the PA layers
regardless of the CNT interlayer (Figure 2J). These voids have
been reported to form on the PA layer facing the MPD aqueous
solution and serve as a tunnel for the diffusion of MPD to a
newly formed PA interface during the IP process.”* These voids
also provide a channel for water transport through the PA
selective layer.”* The mechanism responsible for the formation
of such voids and their impacts on PA layer transport properties
require further investigation.

The cross-sectional SEM images of the TFC-PA-CNT
membrane present a clear interface between the PA film and
the CNT interlayer (Figure S9), confirming the PA layer
formation on top of the CNT interlayer as described in Figure
2L. In contrast, there is no clear interface between the PA film
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and the PES substrate of the TFC-PA membrane (Figure S10),
likely indicating that the PA layer is developed from inside the
PES substrate pores. Interestingly, numerous hollow structure
protuberances and approximately 25 nm thick crusts are
observed from PA layers of both the TFC-PA and PFC—PA-
CNT membranes (Figures S9 and S10), which further confirms
an intrinsic PA thickness of around 25 nm, very close to the
reported value of 20 nm thickness of PA selective layer created
by self-limiting IP process.'"*

Results from XPS analysis indicate that the cross-linking
degree of the PA layer formed on the PES substrate is markedly
different for the top surface (17.39%) and the bottom surface
(84.36%), which is in agreement with the results from previous
studies (Figure S11 and Table $1).**” The top surface of the
PA layer on the CNT interlayer exhibited a higher cross-linking
degree than that on the PES substrate. Unfortunately, we were
not able to determine the cross-linking degree of the back
surface of the PA film on the CNT layer due to the interference
of C, O, and N signals from the PDA and CNT.

Membrane Transport Properties. Water flux of the TFC-
PA-CNT membrane was dramatically improved by 610% to
38.0 + 2.0 L m2 h™! in PRO mode with 1 M NaCl as a draw
solution and DI water as a feed solution compared to the TFC-
PA membrane without the CNT interlayer (Figure 3A). The
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Figure 3. (A) Water flux, J,, (B) reverse salt flux, ], and (C) J./J,, value
of the TFC-PA and TFC-PA-CNT membranes obtained in PRO
mode using 1 M NaCl as a draw solution and DI water as a feed
solution. (D) Water fluxes of TFC-PA and TFC-PA-CNT membranes
determined in FO and PRO modes with various draw solution NaCl
concentrations and DI water as a feed solution.

obtained water flux of the TFC-PA-CNT membrane is 2—2.5
times higher than commercial TFC-FO membranes from
Hydration Technology Innovation (HTI) evaluated under
similar conditions.' > We further observed that the reverse salt
fluxes of the TFC-PA-CNT and TFC-PA membranes were
almost 10—50-folds lower (Figure 3B) than the values reported
for commercial TFC-FO membranes (5—35 g m™> h1).2%%
The specific salt flux (J,/],) of the TFC-PA-CNT membrane
(~1.6 X 107* g/L in Figure 3C) is approximately 7-fold lower
than that of the TFC-PA membrane, which highlights an
excellent perm-selectivity of the PA layer formed on the CNT
interlayer.

The water permeability coefficient (A) of the TFC-PA-CNT
membrane is 2.0 + 02 L m™ h™ bar™! (Table S2), which is
about 7-fold higher compared to that of the TFC-PA
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membrane and higher than most of hand-made and commercial
TEC-FO membranes found in literatures.”” > The salt
permeability coefficient (B) of the TFC-PA-CNT membrane
is 0.05 + 0.01 L m™> h™", comparable to that of the TFC-PA
membrane, far below than the values reported for other hand-
made and commercial TFC-FO membranes (1.0—1.7 L m™
h™!).'*® Importantly, the TFC-PA-CNT membrane achieves
the highest ratio of water to salt permeability coefficients (A/B)
of 39 bar™' among the currently reported TFC-FO
membranes,””** further demonstrating an excellent perm-
selectivity of the TFC-PA-CNT membrane.

The observed high perm-selectivity of the TFC-FO
membrane with the CNT interlayer can be ascribed to the
following two major reasons: (1) The CNT interlayer provides
a favorable interface to form the highly permeable and selective
PA layer with large effective surface area for water transport. (2)
The CNT interlayer inhibits the formation of the flower-like PA
film inside the pores of PES substrate, which reduces the
resistance to water transport. We also speculate that the CNT
interlayer develops a channel for water transport from the PA
film formed on the non-porous domain of PES substrate to
neighboring pores as illustrated in Figure S12. Further studies
are required to verify this proposed mechanism.

The structural parameter, S, is a direct measure of the
performance limiting phenomenon of internal concentration
polarization (ICP) of TFC osmotic membranes.'®** The §
value of the TFC-PA-CNT membrane is measured to be
significantly lower compared to that of the TFC-PA membrane
(Table S2), which is contradicted to the expectation that a
lower support layer resistance to salt diffusion translates to a
smaller S value because the support of the TFC-PA-CNT
membrane has an additional resistance attributed to the CNT
interlayer. We thus propose that the hollow structure of the PA
film may influence the S value of the TFC-FO membrane by
increasing the effective distance for salt transport. The ratio of
water flux measured in FO and PRO modes (J,, ro/J., pro)
represents another indicator of the extent of ICP, with a higher
value indicating a lower extent of ICP."” As shown in Figure
3D, the TFC-PA-CNT membrane has J,, zo/],, pro values in the
range of 0.79—0.85 with various NaCl draw solution
concentrations, which are about 2—3 folds higher than the
TFC-PA membrane, implying a significantly reduced ICP
within the support layer. We further evaluated the water flux in
a long-term operation to confirm the stability of PA selective
layer formed on the CNT layer. The TFC-PA-CNT membrane
exhibited a stable water flux for a 30-h experiment in PRO
mode, demonstrating a robust PA layer perm-selectivity (Figure
S13).

Implications. We have fabricated a high-performance TFC
osmotic membrane with an ultrathin spray-coated CNT
interlayer. The use of an ultrathin nanofibrous interlayer on a
porous substrate allows for the fabrication of a highly
permeable and selective polyamide layer for TFC membranes.
Additionally, an ultrathin nanofibrous interlayer serves as a
support with a low thickness and a low tortuosity, allowing the
osmotic membranes to produce high water flux with reduced
internal concentration polarization. Designing such an ultrathin
interlayer provides a great potential to fabricate high perform-
ance TFC desalination membranes, including reverse osmosis
and nanofiltration membranes.
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