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ABSTRACT

We proposed a novel strategy for fabricating a high-performance forward osmosis (FO) membrane by forming a
polyamide (PA) selective layer via interfacial polymerization on top of an interconnected porous carbon nano-
tube (CNT) network support. The fabricated CNT-PA membrane had a highly permeable and selective PA layer
for fast water and solvents passage with efficient salt and solutes rejection, and an ultrathin CNT support that
significantly reduced the internal concentration polarization in the FO process. Tested in the FO (e.g., active layer
facing feed solution) mode using DI water as feed solution and 1.0 M NaCl as draw solution, the optimal CNT-PA
membrane exhibited a water flux of as high as 139 L. m~2 h~!(LMH)with comparable salt rejection, 686% higher
than that of commercial FO membrane, outperforming the previously reported best FO membranes tested under
similar conditions. Besides, the CNT-PA membrane also showed great capability to recover organic solvents such
as ethanol (EtOH), dimethylsulfoxide (DMSO), dimethylformamide (DMF) and dimethylacetamide (DMAc) when
used in the organic solvent forward osmosis (OSFO) process and to concentrate chemicals in organic solvents.
Results present that the CNT-PA membrane exhibited a DMAc flux of around 20 LMH with near 100% rhodamine
B dye rejection and a negligible reverse solute flux when using 2.0 M PEG400 as a draw solution. The contri-
butions of the CNT support layer and the PA selective layer to the osmotic filtration performance of the CNT-PA
membrane were investigated and discussed to provide insights on the FO membrane design and fabrication for
the efficient separation in aqueous and organic solvent system.

1. Introduction

has been firstly demonstrated to separate chemicals from organic sol-
vents, which shows the great application potential of FO process in

Forward osmosis (FO) is an emerging advanced membrane process
operated under no/low hydraulic pressure and has been widely used as
an efficient approach to desalinate hypersaline water [1-5], concentrate
products [6-8], treat wastewater [9,10], and others in aqueous solutions
[11-15]. Unlike other pressure-driven membrane processes, FO exhibits
several characteristics of advantages including lower fouling tendency
and higher flux recovery [14,16-18]. Besides, FO is expected to work
efficiently in the separations where the osmotic pressure of target so-
lution is too high to be operated in the pressure-driven membrane pro-
cesses [11].

Very recently, the organic solvent forward osmosis (OSFO) process
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chemical separation involving organic solvents [12]. However, the sol-
vent flux of the OSFO membrane used in the work has been limited to
2.65Lm 2h~! (LMH), even at very high concentration of draw solution
(2.0 M LiCl in Ethanol) with the osmotic pressure difference of ~50 bar.
This is because the thick polymeric support of the thin-film-composite
(TFC) membrane aggravates the internal concentration polarization
(ICP) and limit the flux [12]. To further promote the real application of
the OSFO, high-flux FO membranes with less ICP are greatly desired for
the efficient OSFO process.

The ICP is widely reported coming from tortuous the support layer of
the TFC polyamide (PA) membrane due to its poor porosity, high
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tortuosity and its thickness [5,19-21]. Conventional TFC FO membranes
cannot further increase their flux under the increasing driving force at
higher concentrations of draw solution due to the ICP [22-25]. There-
fore, the rational design and fabrication of porous supports is a key to
minimize the ICP problem and thus to improve the performance of FO
membranes. The ideal support of TFC FO membrane should have open
porous structure with small thickness and low tortuosity providing a
short path for draw solute to diffuse out and thus to suppress the ICP
[26-30]. An electrospun polyethersulfone nanofibrous support has been
developed as a unique, scaffold-like, interconnected porous structure
providing direct paths for salt diffusion and water permeation in the FO
process, and its structural parameter was less than 100 pm, while its
water flux was approximately 50 LMH [23]. Although significant
improvement has been made to decreasing ICP and improving the per-
formance of the TFC FO membrane, the electrospun nanofibrous poly-
meric support was not solvent resistant to be used in OSFO operation.

Undoubtedly, designing a nanofibrous-like support with solvent
resistant materials is a perfect strategy to obtain OSFO membranes with
less ICP and strong solvent resistant, simultaneously. Hence, in this
work, we fabricated a high performance OSFO membrane with a PA
selective layer and an ultrathin carbon nanotubes (CNT) network sup-
port, which are both typical solvent resistant materials. First, the fully
porous CNT support results in the significant mitigation of ICP and thus
the significant increase of organic solvent flux. Second, the smooth CNT
support with favorable hydrophilic surface provided a favorable inter-
face for interfacial polymerization then forming a high-performance PA
layer. Besides, to better investigate and evaluate the FO performance
and ICP effect, the water permeability and salt rejection of the fabricated
membranes were further measured. As a result, the optimal membrane
exhibited a water flux of as high as 150 LMH with comparable salt
rejection, and an ultra-low structural parameter of 38 pm, out-
performing all existing commercial FO membranes and previously re-
ported best FO membranes to the best of our knowledge. More
importantly, we evaluated the OSFO process for solvent recovery. The
resulting OSFO membrane exhibited a super-high DMAc solvent flux
over 20 LMH while maintaining a near 100% solute rejection and
required no external pressure. In addition, the prepared OSFO mem-
brane exhibited excellent permeability and resistance to ethyl alcohol
(EtOH), dimethylsulfoxide (DMSO) and dimethylformamide (DMF). Our
research supplies a high-flux CNT supported PA membrane with
significantly suppressed ICP for the recovery of pure water and organic
solvents as well as the concentration of salts and chemicals in aqueous
and organic solvent FO process, respectively.

2. Experimental

Materials: CNT powder (less than 2 nm in diameter, 5-30 pm in
length, with a purity of over 95%), m-phenylenediamine (MPD, >99%)
and tris buffer (0.1 M, pH = 7.5) were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Trimesoyl chloride
(TMC, 98%) was purchased from J&K Scientific Ltd. (Beijing, China).
Dopamine hydrochloride was purchased from Sigma-Aldrich (St. Louis,
MO, USA). PES microfiltration membrane (with 0.22 pm pore size) was
obtained from Yibo Co. Ltd. (Haining, China). Rhodamine B was ob-
tained from Kermel Chemical Reagent Co. Ltd. Ethyl alcohol (EtOH),
dimethylsulfoxide (DMSO), dimethylformamide (DMF) and dimethyla-
cetamide (DMAc) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Beijing, China) and used as received.

Preparation of polydopamine (PDA)-coated carbon nanotube
(CNT) dispersion: The CNT dispersion was prepared by sonicating CNT
powder in water using a reported protocol [31]. Specifically, first, 10 mg
CNT was dissolved in 100 mL DI water and sonicated for 10 h using a
probe sonicator at 270 W. After the undispersed CNT were removed
through centrifugation at 10,000 rpm for 1 h, 10 mg dopamine (DOPA)
was added under stirring at 40 °C for 1 h. Next, 10 mL of 0.1 M Tris
buffer (pH 7.5) was added into the DOPA-containing CNT dispersion to
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initialize the polymerization of dopamine. Finally, the PDA-coated CNT
dispersion with an overall concentration of 0.18 + 0.06 mg mL ™! was
obtained after reaction at 40 °C for 6 h and centrifugation at 10,000 rpm
for 30 min.

Fabrication of CNT-supported polyamide (PA) membranes: The
CNT-PA membrane was fabricated by forming a PA selective layer on top
of a PES-CNT membrane and then removing the PES support via disso-
lution in dimethylacetamide (DMAc). Specifically, first, a PES-CNT
membrane was synthesized via the vacuum filtration of PDA-coated
CNT dispersion (with volumes of 0.3, 1.5, 3.0, 4.5 and 6.0 mL, respec-
tively, to obtain different CNT layer thickness) through a PES micro-
filtration membrane ( with pore size of 0.22 pm). The loaded PDA-
coated CNT amount on PES was 0.04, 0.21, 0.42, 0.64 and 0.86 g
m~2, respectively. Then, a PA layer was formed through interfacial
polymerization of 3.4 wt% m-phenylenediamine (MPD) water solution
and 0.15 wt% trimesoyl chloride (TMC) hexane solution on the PES-CNT
membrane, following a reported protocol [25]. Finally, the PES-CNT-PA
membrane was immersed in DMAc solvent for 5 min to etch off the PES
support, and the resulting translucent CNT-supported PA membrane
(CNT-PA) was transferred into DI water to remove residual DMAc. The
CNT-PA membrane was stored in DI water at 4 °C ready for character-
ization and measurement.

Membrane Test: The water flux J,, and reverse salt flux J; of CNT-PA
membranes were measured in custom-designed FO test systems (Figs. S1
and S2). DI water and 1.0 M NaCl solution were used as the feed and
draw solutions, respectively. The NaCl rejection was tested in a reverse
osmosis (RO) system (Fig. S3). The membranes were tested in both PRO
(active layer facing draw solution, AL-DS) and FO (active layer facing
feed solution, AL-FS) operation modes. The water flux was calculated as
the water weight gain of the draw solution per hour and per area of the
membrane and was measured by taking out the draw solution after 30-
min test and using an electric balance (ME3002, Mettler-Toledo,
Switzerland). The reverse salt flux was calculated as the salt weight
gain of the feed side per hour and per area of the membrane, and was
measured using a conductivity meter (CON2700, Eutech, USA) in the
feed solution. More details were discussed in supporting information. In
the OSFO tests, PEG400 was explored as draw solution, the measure-
ment of solvent flux and reverse solute flux were the same as that of the
water/salt system discussed above. The modified Dragendorff approach
[32] and UV-Vis were used to detect the concentration of PEG400. The
concentration of RhB in a solvent was measured by the UV-Vis spec-
trophotometer (Shimadzu, UV-2700, Japan).

Characterization: A scanning electron microscope (SEM, S-4800,
Hitachi, Japan) was used to observe the surface and cross-sectional
morphologies of all membranes with 3 keV energy. Cross-sectional
samples were acquired by snapping wet CNT-PA onto silica wafers in
liquid nitrogen. All samples were dried in air overnight and coated with
platinum (Pt) for 100s using an EMITECH SC7620 sputter coater before
SEM imaging. An X-ray photoelectron spectroscope (XPS, Thermo Esca
Lab 250Xi, USA) was employed to determine the elemental composi-
tions of polyamide surface of a membrane using a monochromatic Al Ka
X-ray source (hv = 1486.6 eV), with XPS peak software for data pro-
cessing. Atomic force microscopy (AFM, Multi-Mode 8, Veeco, US) was
used to observe the membrane surface morphology and measure the
membrane surface roughness in tapping mode using TESP tips (Sharp
silicon probe, 42 N/m, 320 kHz, tip radius 8 nm, no coating, Bruker,
USA). AFM images were processed using Nanoscope Analysis software,
and the surface roughness was presented as the average roughness (Ra)
from at least three different samples. Water contact angles were
measured using the sessile drop method on an optical instrument
(OCA20, Data Physics, Germany) at room temperature. Adsorption-
branch n-hexane/helium permporometry was used to estimate the dis-
tribution of the pore size of CNT membranes with various CNT thickness,
according to a reported protocol [33]. The mechanical strength of
membrane was measured using a universal mechanical testing machine
(HY-0580, Shanghai Hengyi Precision Instruments, Shanghai, China).



Z. Zhou et al.

For each experiment, at least three individual specimens were measured
and an average value with a standard deviation was reported. The
grazing-incidence small-angle X-ray scattering (GISAXS, Xeuss 2.0,
Xenocs, France) measurement was performed at the beam line at the
Institute of Seawater Desalination and Multipurpose Utilization (Tian-
jin, China) to determine the molecular void or pore size of the polyamide
layer on CNT-PA membranes. The incident beam size is 0.7 mm x 0.7
mm and the beam wavelength A is 1.5405 A. The grazing angle was 0.2°
onto the sample surface. A two-dimensional Pilatus 200 K detector was
set at a distance of 0.2.0 M from the sample center to collect the scat-
tering spectra at high momentum transfer vector (Q) value. An acqui-
sition time of 900 s was used for all samples to achieve strong signals.

3. Results and discussion
3.1. Surface and structure of the CNT support

The fabrication procedure of the carbon nanotubes supported poly-
amide (CNT-PA) membrane is schematically illustrated in Scheme 1.
First, a CNT support was prepared via the vacuum filtration of a poly-
dopamine (PDA)-coated single wall CNT dispersion on a PES substrate
with 0.22 pm pore size, and then a PA selective layer was synthesized on
the porous surface of the CNT support through interfacial polymeriza-
tion (IP) of m-phenylenediamine (MPD) and trimesoyl chloride (TMC).
A free-standing CNT-PA membrane was obtained by subsequently dis-
solving the PES support in dimethylacetamide (DMAc).

To optimize the structural and transport properties of PA selective
layer, CNT supports with various thicknesses were prepared through
controlling the deposition amount of the CNT dispersion on the PES
substrate as shown in Fig. 1, and their surface properties including
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morphology, pore size, and hydrophilicity were characterized as list in
Table 1. Results illustrate that the surface pores of the PES membrane
can be partially covered by CNT network with CNT solution deposition
amount of 0.3 mL (PES-CNT-1). Further increasing loading amount of
CNT, the CNT support became denser with decreased water flux from
1032 LMH bar ! to 210 LMH bar ! (PES-CNT-5) and their average pore
size in diameter decreased from 15.7 4+ 1.5 nm to 4.9 + 0.8 nm (Fig. S4).
The water contact angle of the CNT supports increased from 21.4 + 1.7°
(PES-CNT-1) to 35.9 + 0.5° (PES-CNT-5), which may be due to the
decreased pore size from the increasing dense packing of the CNT
nanofibers. Additionally, the thickness of CNT support presented a
proportional increase from about 100 nm to approximately 400 nm
(Table 1), and the roughness of the CNT support decreased from 53.2 +
4.9 nm to 17.5 + 2.4 nm with the increasing loading amount of CNT
(Fig. 2). Therefore, the CNT support became denser, smoother, and
thicker with more loading amount of CNT dispersion on the PES
substrate.

3.2. Effects of the CNT support on the formation of polyamide layer

Next, the PA selective layer was formed on top of the CNT supports
with various thicknesses through interfacial polymerization of MPD and
TMC. After removing the PES support, free-standing CNT-PA mem-
branes were obtained. The surface morphology and structure of the
CNT-PA membranes were characterized using SEM (Fig. 3). The fruitful
leaf-like features of PA layer with characteristic ridge-and-valley mor-
phologies were observed on top of CNT support, which is similar as the
reported polyamide formed on the dense polymeric substrates [34,35].
The morphologies were totally different from typical “nodular” feature
of PA formed on the PES support without CNT (Fig. S5). This

PES-CNT Support

' Interfacial Polymerization

Polyamide

{ ]— Carbon Nanotubes

B g = Organic Solvent
9 O = Solute

Scheme 1. Schematic illustration of the fabrication process of CNT-PA membrane, including the deposition of CNT on a polyethersulfone (PES) support via vacuum
filtration, the polyamide synthesis on top of the CNT-coated PES membrane through interfacial polymerization, and the removal of the PES support by sol-

vent etching.
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Fig. 1. SEM images of the CNT coated PES supports with various CNT coating amount and the corresponding optical photograph and thickness. (Details provided

in Table 1).
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Fig. 2. AFM images of the CNT supports with various thickness of CNT film.

observation has been reported in our previous work [25] that PA with
less surface roughness is formed on a hydrophilic substrate with rela-
tively larger pores. The similar result was also reported by many groups
[36-38]. The mainly reason is because the diffusion of MPD from
aqueous phase to “reaction zone” was limited by the more hydrophilic
substrate. Besides, MPD aqueous solution tends to penetrate deep insides
the relatively larger pores, thus resulting in typical “nodular” features of
PA layer. The SEM images (Fig. 3) of top PA surface of CNT-PA mem-
branes clearly show that the leaf-like features became more in number
and larger in size with the increasing CNT support thickness from
CNT-PA-1 to CNT-PA-5. And the SEM images of the bottom surface of
CNT-PA-1 membrane obviously found that the PA grew inside the CNT
support, penetrated from the bottom to the top of CNT support due to its
thinner thickness, and covered most of the CNT nanofibers on the back
surface. Clear CNT nanofibers with no PA was observed on the back

surface of the CNT-PA-3 membranes when the CNT support was 209 +
11 nm thick or even thicker, suggesting that the PA just grew inside and
on the CNT support without penetration into the bottom when the CNT
support became thick. Taking CNT-PA-3 as an example, a
high-resolution SEM image was shown in Fig. 4. The free-standing
membrane showed a typical thin-film-composite structure: CNT bun-
dles at the bottom and the rough polyamide at the top with no clear
interface between the CNT and the PA. The membrane was measured
using AFM to be 500 nm thick, which is supported by the result from
cross-sectional SEM image. The semitransparent membrane exhibited a
strong mechanical stability with tensile strength of 14.78 MPa (Fig. S6,
S7 and Table S1), which is approximately 3-7 times stronger than
traditional polymer membranes [39-41].

AFM images (Fig. 5) obviously present that the height of the PA in
the Z-range became taller and the roughness of the PA increased from
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Fig. 3. SEM images including top surface, bottom surface and cross-section morphologies of carbon nanotubes supported polyamide membranes (CNT-PA-1, CNT-

PA-3 and CNT-PA-5).
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Fig. 4. Characterizations of CNT-PA-3 membrane: cross-sectional SEM image (A), schematic membrane structure (B), optical photograph of CNT-PA-3 (C), large-
scale AFM image and corresponding height profile (D and E), and its characteristic tensile-strength curve (F).

108.0 £+ 9.9 nm to 134.5 + 7.9 nm when formed on the thicker CNT
support with thickness increasing from 105 + 8 nm to 403 + 10 nm.
Importantly, the PA surface area ratio was measured using AFM to
determine the ratio of total surface area of PA and the projected surface
area, and it was significantly increased by 1.55-fold from 2.0 £+ 0.2 to
3.1 + 0.3 when the CNT support thickness increased from 105 + 8 nm to
209 + 11 nm, indicating the PA surface area was increased by 1.55-fold
(Table 2). To further increase the thickness of CNT support from 209 +
11 nm to 403 & 10 nm, the surface area of the formed PA increased
slightly within 6%. Since the PA surface area is the effective membrane
area proportional to membrane flux, the higher PA surface area brings
higher membrane flux [36,42]. Therefore, the surface area of PA formed
on the thicker CNT support became larger, which is beneficial to
improve membrane flux.

¢ Average pore size of PA is measured through GISAXS and calculated
based on the equation d = 21/Q, where the momentum transfer (Q, Q =

4m sin(0/2)/2) is related to scattering angle 6 and the wavelength A [44].

X-ray photoelectron spectroscope (XPS) results illustrate that as the
thickness of the CNT support increased, the PA surface became dense
with the increasing cross-linking degree from 13.9% to 40.0% (Table 2
and Table S2), confirming more highly cross-linked PA formed on the
thicker CNT support. The salt rejections of CNT-PA membranes
measured in reverse osmosis operation process showed an obvious in-
crease from 93.82% to 97.29% (Table S3) towards NaCl with the
increasing PA cross-linking degree from 13.9% to 40.0%. Grazing-
incidence small-angle X-ray scattering (GISAXS) analysis (Table 2 and
Fig. $8) illustrates that the pore diameter of PA was 5.01 A when formed
on the 105 + 8 nm thick CNT support, and decreased slightly to 4.99 A
and 4.92 A with the increasing cross-linking degree of PA when the
thickness of the CNT support became thick to the corresponding 209 +
11 nm and 403 + 10 nm. All the results above support well with the fact
that PA with the higher cross-linking degree and smaller pore exhibited
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Fig. 5. AFM images of carbon nanotubes supported polyamide membranes with various thickness of CNT support and the corresponding height profile.

Table 1
Characteristic parameters of CNT supports with various thickness.

Membrane  CNT amount CNT thickness Average pore size Roughness Surface porosity Water flux [LMH/ Water contact angle
[mL] [nm] [nm] [%] bar] 1

PES-CNT- 0.0 0 - 75.4 £ 8.9 19.6 10,280 + 1290 107 £ 1.4
0

PES-CNT- 0.3 105 + 8 157 £ 1.5 53.2 +4.9 60.7 1032 + 1065 21.4+1.7
1

PES-CNT- 1.5 150 + 10 84+t1.3 37.5+ 4.5 53.6 790 + 952 254+1.4
2

PES-CNT- 3.0 209 + 11 6.0 +1.1 23.3+3.1 52.3 532 + 402 33.5+0.8
3

PES-CNT- 4.5 309 + 13 51 +0.9 21.8 £2.7 51.8 396 + 396 343 +0.8
4

PES-CNT- 6.0 403 + 10 49+0.8 175+ 24 51.3 210 + 93 359+ 0.5
5

the higher NaCl rejection.

Here, the formation of an increased area of PA layer with higher
cross-linking degree on thicker CNT support can be explained from three
perspectives: MPD amount on the interface, MPD diffusion and the
“heat” generated during the formation of PA. Firstly, the thicker CNT
support has a denser packing of CNT nanofibers with a smaller pore size.
The pore size of the CNT supports decreased greatly from 15.7 &+ 1.5 nm
to 4.9 £ 0.8 nm with increased thickness from 105 + 8 nm to 403 + 10
nm as listed in Table 1. The thick porous CNT supports hold more MPD

solution on its surface, allowed less penetration of the MPD solution into
the deep side of the support, leading to a relatively larger MPD amount
on the interface [27,45], which promoted the reaction and generated a
rougher and more cross-linked PA layer. Secondly, as evidenced in the
reported literature [36-38], the rougher PA structure is also probably
because of the heterogeneous diffusion of the MPD molecules that are
limited by the smaller surface pore size. Besedes, the heat generated
during the formation of PA through interfacial polymerization could not
dissipate efficiently in the denser packing of CNT support, which then
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Table 2
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Characteristic parameters of CNT-PA membranes with various thickness of CNT support.

FO Total thickness CNT thickness PA thickness PA surface area PA roughness Cross-linking degree” PA pore size®
membrane [nm] [nm] [nm] ratio” [nm] [%] [;\]
CNT-PA-1 347 £ 31 105+ 8 269 + 32 2.0+£0.2 108.0 £ 9.9 13.9% 5.01
CNT-PA-2 460 + 22 150 + 10 310 + 24 2.2+0.2 116.5 £ 6.4 26.3% -

CNT-PA-3 513 +18 209 + 11 304 + 21 31+0.3 121.4 £ 4.3 35.1% 4.99
CNT-PA-4 634 + 30 309 £ 13 325 + 33 3.2+£03 1265+ 7.8 37.3% -

CNT-PA-5 720 + 54 403 + 10 317 £ 55 3.3+0.3 1345 +7.9 40.0% 4.92

@ PA surface area ratio is measured using AFM to determine the ratio of total surface area of PA and the projected surface area.
b Cross-linking degree of PA is measured by XPS and calculated following the reported method [43].

increased the local temperature and also increased the interfacial
instability to form a rougher PA with a larger surface area. This obser-
vation is consistent with the report by Livingston et al. [36] who pro-
vided a possible growth mechanism of polyamide with crumpled
structures based on heat generation in the interfacial reaction.

3.3. Evaluation of the internal concentration polarization of the CNT-PA
membranes in aqueous solution

Water and salt transport properties of the fabricated CNT-PA mem-
branes were measured to investigate and evaluate the FO performance
and ICP effect using DI water as feed solution and NaCl solution as draw
solution. First, the effect of the CNT supports with various thickness on
water/salt FO performance was investigated. Results reveal that, as the
CNT support thickness increased, the water flux of CNT-PA membranes
increased first and then decreased (Fig. 6A), which is ascribed to the
balance of the increased water permeability of PA with larger surface

area and the increased water transport resistance from more highly
cross-linked PA formed on the thicker CNT support and also the rela-
tively severer ICP from the thicker CNT support itself. In comparison, as
the CNT support thickness increased, the reverse salt flux of CNT-PA
membranes decreased dramatically from over 150 g m~2 h™! (CNT-
PA-1) to approximately 50 g m~2 h™! (CNT-PA-3) due to the increased
PA thickness (from 269 + 32 nm to 304 + 21 nm), increased cross-
linking degree, and decreased pore sizes of the polyamide layer. The
reverse salt flux of the membranes from CNT-PA-3 to CNT-PA-5 is
fluctuant in the range of 50-60 g m~2 h™?, which should attribute to
their similar PA thickness and cross-linking degree. CNT-PA-3 exhibited
the highest water flux of 139.05 + 5.23 when tested in the FO mode
(over 150 LMH in PRO) using DI water as a feed solution and 1.0 M NaCl
as a draw solution. As shown in Fig. 5B, the water flux of CNT-PA-3 is
686% higher than that of commercial HTI TFC-ES FO membrane (17.70
+ 3.3 LMH under the same test conditions), and about 3 times higher
than those of 100-nm-thick rGO membranes and 4-10 times [46] than

)

Fig. 6. Water and salt transport properties of CNT-PA
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those the lab-made TFC-FO membranes [47-49]. The apparent reverse
salt flux of the CNT-PA-3 membrane is obviously higher than that of
commercial HTI TFC-ES FO membrane (Fig. 6B). While, the specific salt
flux (reverse salt flux over water flux, Js/J,,) [50] of CNT-PA-3 is 0.327
+0.023 g/L, comparable with 0.322 + 0.027 g/L of the commercial HTI
TFC-ES FO membrane under the same test conditions (Fig. 6C). It reveals
the good selectivity of the CNT-PA-3 membrane. Besides, the prepared
CNT-PA-3 membrane showed a relative stable specific salt flux (slightly
increase from 0.322 g/L to approximately 0.4 g/L) (Fig. 6D) under
various NaCl concentrations, indicating that the membrane selectivity
can be well preserved. Based on the excellent permeability and selec-
tivity, CNT-PA-3 membrane was used as the best-performance mem-
brane for further ICP evaluation.

The water flux ratio J,, ro/Jw pro at the two orientations is an indi-
cator of ICP. Higher water flux ratios indicate lower ICP [23]. The
commercial HTI TFC-ES FO membrane exhibited a much lower water
flux ratio around 0.5, due to a severe diffusive barrier in the tortuous
polymeric support layers. Excitingly, CNT-PA-3 membrane had a water
flux ratio of Jy ro/Jw pro in the range of 0.81-0.85 with various draw
solution concentrations, as shown in Fig. 6E, showing the significantly
suppressed ICP of the CNT support in comparison to the conventional
phase-inversion polymeric support.

The structural parameter S, pure water permeability coefficient A
and solute permeability coefficient B offer universal benchmark for
comparing membrane performance, regardless of operating condition
[51]. FO performance of our CNT-PA-3 membrane in the aspect of
structural parameter S and water permeability coefficient A, were
compared with those of the reported FO membranes and commercial
membranes, as shown in Fig. 6F. The S value of CNT-PA membranes was
38 + 12 pm, which is much lower than that of the most reported FO
membranes, showing that the CNT support significantly reduced the
water transport length and thus resistance. The decreased S value also
indicated that the greatly decreased ICP of the CNT support has a direct
relation between S and IPC [52]. The A value of the CNT-PA-3 mem-
brane was 9.22 + 1.14 LMH-bar !, the highest A among the reported
TFC FO membranes to our best knowledge (Table S4), resulting from
both the increased effective area of PA layer for more water permeation
and less water transport resistance from the ultrathin porous CNT
support.

3.4. Organic solvent forward osmosis performance

Organic solvent transport properties of the CNT-PA membrane were
tested in the forward osmosis process using 2.0 M PEG400 in several
organic solvents as draw solutions and using the corresponding solvents
as feed solutions (Scheme 2). Benefitting from the highly permeable PA
and the ultrathin CNT support, the CNT-PA membrane exhibited quite
high solvent fluxes for DMAc (20.78 LMH), DMF (19.79 LMH), DMSO
(13.50 LMH) and EtOH (2.83 LMH) as shown in Fig. 7A. The transport of
solvents through PA layer is typically described by the solution-diffusion
theory. The solubility parameter §, the molar diameter d and solvent
viscosity n have greatly influence on membrane performance. Specif-
ically, there is a linear correlation between the permeance and molec-

8

ular properties (W) , which is a typical transport feature of polyamide

membrane reported in previous works [36,45]. The DMAc and DMF
solvent fluxes of the CNT-PA membrane are higher than that of DMSO
and EtOH, which is mainly because of the similar Hansen solubility
parameter [53] of DMAc (22.7 MPa'/2) and DMF (24.8 MPa '/2) as the
polyamide (23 MPa'/?) selective layer resulting in the fast transport of
solvents. Additionally, although EtOH (26.7 MPa'/?) has a Hansen
similar solubility parameter with DMSO (26.6 MPal/ 2), but has a lower
viscosity (1.17 mPa s of EtOH vs. 1.99 mPa s of DMSO) and a smaller
molar diameter (0.57 nm of EtOH vs. 0.61 nm of DMSO), the EtOH flux
of the CNT-PA membrane is much lower than that of DMSO. This is
because DMSO is a better swelling solvent for aromatic polyamides than
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Scheme 2. Schematic diagram of the OSFO process.

EtOH in terms of solubility parameter due to the dispersion force and
hydrogen bonding [53]. Note that the osmotic pressure and mass
transfer mechanism in OSFO systems were not fully understood yet, and
needed further investigation as a separated work. Importantly, the
reverse PEG400 flux is zero, since PEG400 could not be detected in all
four feed solutions even after a 12-h testing. The results confirm that the
CNT-PA membrane performed stably as a selective membrane in organic
solvents such as DMAc, DMF, DMSO and EtOH.

To better evaluate the real application of the CNT-PA membrane in
the OSFO process for organic solvent recovery, Rhodamine B (RhB) was
introduced as a model organic molecule into the above-mentioned four
organic solvents as feed solutions. Fig. 7B presents that the CNT-PA
membrane exhibited a near 100% rejection towards the RhB dye in
these four organic solvents during the 12-h testing (Fig. S12, S13). The
solvent fluxes here showed a slight decrease compared with the pure
solvent fluxes, for example, the flux of DMAc decreased from 20.78 LMH
to 18.21 LMH after adding RhB in the feed solution. It is mainly because
of the potential membrane fouling from RhB in the feed solution. It is
worth mentioning that the CNT-PA membrane showed great mechanical
stability in organic solvents. PA layer and the CNT support did not peel
off from each other even immersing the membrane in 80 °C DMF for 4
weeks and no structures damages were observed from SEM images after
OSFO tests. Therefore, it can conclude that the CNT-PA membrane has a
great potential to be applied in the concentration of chemicals and the
recovery of organic solvents through the forward osmosis process.

4. Conclusions

In conclusion, we have successfully replaced the conventional
polymeric support by CNT network in the fabrication of TFC mem-
branes. Results demonstrate that the CNT support provides a favorable
surface to fabricate highly permeable PA selective layer, and also ex-
hibits a highly porous structure to enable water and organic solvents to
pass through the entire PA layer surface. Besides, the CNT network
works as an ultrathin support with a low tortuosity to decrease the
structure parameter S of the fabricated CNT-PA membrane, and to also
decrease the transport resistance with the reduced ICP effect. As a result,
the CNT-PA-3 membrane achieved the super high water flux of 150 LMH
when using 1.0 M NaCl as draw solution and DI water as feed solution.
More importantly, the prepared CNT-PA membrane was used in the
OSFO process for organic solvent recovery. The CNT-PA-3 membrane
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gave the DMAc flux of 20.78 LMH and near zero reverse solute flux when
using 2.0 M PEG400 as draw solute and pure DMAc as the feed solution.
The CNT-PA membrane also showed a great capability to recover DMSO,
DMF and DMAc in the OSFO process and to concentrate organic mole-
cules in the feed solutions simultaneously. Further study is needed to
purify solvents and to regenerate the draw solutes like the aqueous FO
system. All the results showed that the CNT-supported PA membrane has
great potential in both aqueous FO process and OSFO applications with
significantly reduced ICP and strong solvent resistant.
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