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Abstract

Inkjet printing process enables rapid deposition of inks with precise amount and location.
Moreover, the process can be automated and provide control such as repetitive printing of the
inks. Utilizing the advantageous features of the inkjet printing process, we demonstrate the
synthesis of thin film composite (TFC) flat-sheet membrane for NF application where single
walled carbon nanotube (SWCNT) was deposited via an inkjet printing process, acting as an
interlayer between the polyamide (PA) selective layer and polyethersulfone (PES) MF
membrane support. By controlling the number of SWCNT printings on the PES membrane, we
investigated how the SWCNT interlayer thickness influences the formation of PA selective
layer. The best membrane performance was achieved from the TFC membrane synthesized
using 15 cycles of SWCNT printing, where both high water flux (18.24 + 0.43 L m™ h'! bar’
"y and the high Na>SOs salt rejection (97.88 + 0.33%) rates were demonstrated. SWCNT
interlayer provided highly porous, interconnected structure with uniform pore size distribution
which led to the formation of a defect-free ultrathin PA selective layer. Designing of TFC
membrane using the SWCNT deposition via inkjet printing is the new approach and

successfully demonstrated the significant improvement in the NF membrane performances.
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1. Introduction

Thin film composite (TFC) membranes are conventionally synthesized by interfacial
polymerization (IP) which forms a thin active layer on top of a microfiltration (MF) or
ultrafiltration (UF) membrane substrates, where two different monomers of m-
phenylenediamine (MPD) or piperazine (PIP) and trimesoylchloride (TMC) are commonly
utilized to synthesis a polyamide (PA) active layer [1-3]. Both water permeability and
selectivity of the membranes are most crucially dependent on PA active layer properties, while
porous membrane support provides a robust mechanical support for PA selective layer. To
this date, nanofiltration (NF) membranes composed of a thin film PA layer on top of UF
membrane have been successfully commercialized and currently being used in wide range of
applications in desalination and wastewater treatments. However, there are still challenges
remain when they are implemented in the real field, due to their trade-oft dilemma between the
intrinsic solvent permeability and solute selectivity [4].

An ideal NF membrane needs to exhibit both high water permeability and high removal rate
of various dyes or multivalent salts and other contaminants [5]. It is well known that, the
thickness of PA selective layer is inversely proportional to the solvent permeability. Therefore,
a desired PA layer structure can be achieved by fabricating an ultra-thin selective layer which
is less than 100 nm in thickness whereas conventional TFC PA membranes are composed of
200-300 nm thin PA active layer with 150-300 pm porous support layer. Importantly,
properties of the PA layer could significantly be influenced by structure and the surface
property of a porous support substrate [6-9]. Recently, various efforts have been made to
improve the membrane performances (water flux and selectivity) and membrane stabilities.
One of a notable strategy is by addition of an interlayer between the PA active layer and the
microporous support substrate. For example, Livingston et al. successfully synthesized a

ultrathin PA active layer with a thickness of 10 nm by utilizing a porous cadmium hydroxide

3



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

92

nanostrands as interlayer which covered the surface of polyimide ultrafiltration support
membranes and a follow up IP reaction [6]. The smooth and uniform nanoporous structure of
the nanostrands interlayer enabled the formation of a defect-free and ultrathin PA active layer,
which achieved outstanding improvement in solvent permeability while retaining its excellent
salt rejection capability. Inspired by this study, Zhu and co-workers used polydopamine (PDA)
coated single-walled carbon nanotube (SWCNT) as an interlayer which was deposited via a
simple vacuum filtration technique [10]. This hydrophilic and smooth PDA/SWCNT interlayer
induced the formation of defect-free, highly crosslinked PA selective layer with a thickness of
12 nm, which improved the NF membrane performances compared to the interlayer free TFC
membrane.

As noted in previous studies, deposition of interlayer using different nanomaterials played
an important role in improving the NF membrane performances [7-15]. However, those
conventional approaches such as vacuum filtration, dip-coating, spin-coating and layer-by-
layer (LBL) methods in deposition of materials, as an interlayer for TFC membrane
fabrications, often lead to poor controllability of the deposited material surface properties or
limited in scalability and in some cases producing unwanted wastes [7, 9, 10, 16, 17].
Meanwhile, inkjet printing process could be a promising candidate which can enable the
deposition of nanomaterial based interlayer uniformly. Inkjet printing is a versatile tool which
can deliver precise and rapid deposition of organic, polymeric materials and nanomaterials at
scale for various applications [18-22]. Moreover, conventional routes in depositing polymers
or nanomaterials often generated chemical and nanomaterial wastes which remains a
significant challenge. These material wastage issues can be minimized when depositing
materials via inkjet printing process as precise amount of material deposition is possible in this

process.
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Therefore, such features of the inkjet printing process and inspired from the successful
implementation of inkjet printing process in other applications, this work aims to take the
advantage of the inkjet printing technology in membrane manufacturing, which will deliver
deposition of uniform nanomaterial interlayer with good controllability for high performing
TFC membrane synthesis. In general, inkjet printing process enable the deposition of picoliter
(2~30 pL/drop) scale of liquid drops through the number of nozzles from a print-head, with
frequencies of up to 2000 drops s™! per nozzle [23]. Moreover, inkjet printing process provided
precise control in positioning of the polymer solution deposition at a high speed [24]. Due to
these advantages of inkjet printing technique, recent studies successfully demonstrated the
uniform coating of nanomaterials such as graphene, graphene oxide, metal organic frameworks
(MOF) and CNTs on a paper substrate for patterning of conductive materials [19, 25-27].
Furthermore, one study has successfully demonstrated the deposition of ultrathin and uniform
graphene oxide layer on a polymeric support membrane to synthesize a NF membrane for water
purification [28]. As such, use of inkjet printing in membrane manufacturing require further
exploration and demonstrations in diverse membrane synthesis applications to fulfill its
potential in bringing the efficient, precision controlled and scalable membrane manufacturing
into reality.

In this study, we demonstrate the deposition of uniform, smooth SWCNT layer via inkjet
printing process to serve as an interlayer between the PA active layer and PES MF membrane
which is first demonstration for NF application. Multiple number of SWCNT printings on the
PES membrane were conducted to investigate how SWCNT interlayers influenced the
formation of PA active layer using various membrane characterizations. Moreover, the
performance of fabricated TFC NF membranes were evaluated by water permeability and salt
rejection tests to find an optimal fabrication condition. The different surface characteristics of

SWCNT interlayers induced by different number of inkjet printing and the respective formation
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of PA layer was further investigated. Our studies shed light on the control of PA selective layer
in TFC membrane by introducing the uniform, nanomaterial based interlayer and
demonstration the further use of inkjet printing process in membrane manufacturing which

plays a crucial role in synthesis of high performing TFC membrane.

2. Experimental

2.1 Materials and chemicals

Hydrophilic PES microfiltration (MF) membrane filter with a pore size of 0.22 pm was used
as membrane support (Sterlitech, USA). Carboxylated SWCNT (SWCNT, Purity: > 95 wt%,
outer diameter (OD): 1-2 nm) powder with a short length (1~3 pm) was purchased from Jiangsu
XFNANO Materials Tech CO., Ltd, China. Sodium dodecyl sulfate (SDS, > 99.9%) from
Sigma-Aldrich was used as the surfactant for SWCNT dispersion. For PA active layer
formation, piperazine (PIP, 99% purity) and trimesoyl chloride (TMC, 98% purity) were
purchased from Sigma-Aldrich and hexane (99.9% purity) from Merck was used as solvent for
TMC. For evaluating the membrane performance, sodium chloride (NaCl), magnesium sulfate
(MgS0s4), magnesium chloride (MgCl,) and sodium sulfate (Na>SO4) were supplied by Chem-
Supply Pty. Ltd., Australia. All chemicals in this study were used as received. A Milli-Q ultra-
pure water system (Millipore) was used to produce deionized (DI) water and used in all

experiments.

2.2 Inkjet printing of SWCNT ink on PES MF support membrane

The SWCNT ink was prepared by sonicating 200 mg of SWCNT powder in 200 mL of 1
mg mL"' SDS water solution for 4 h using a probe type high power ultrasonicator under 80 W
of power. Removal of impurities was conducted via a centrifugation of solution at 7,000 rpm

for 30 min and followed by a supernatant dispersion was collected. This step was repeated 3~4
6
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times until the stable solution is collected and the SWCNT solution with a final concentration
of = 0.25 mg mL" was obtained and directly used as a SWCNT ink without adding further

additives.

A commercial Deskjet 2130 HP printer with a cartridge nozzle diameter of 30 um was used
to print the SWCNT ink onto the surface of PES MF membrane support. The size and ejection
of an ink droplet is controlled by a HP thermal inkjet print technology. To prevent the
membrane surface damage, the front paper feed rollers and the rear roller at the middle of the
printer were removed prior to inkjet printing process as indicated in Fig. S1. A black ink from
a commercial black inkjet cartridge (HP 63 Genuie Black) was removed and carefully washed
and filled with prepared SWCNT ink in the presence of a sponge which prevents the leakage
of the ink through the nozzles (see Fig. 1A). Afterwards, the SWCNT ink cartridge was loaded
onto the printer. The PES MF membrane (size: 6 cm X 6 cm) was firmly bind to an A4-sized
polyethylene terephthalate (PET) film and was loaded into the printer. A computer was
connected to the printer and the printing software was set on maximum quality with 1200x1200
dpi. Then the SWCNT ink was subsequently printed on the surface of membrane substrate and
then dried in a controlled room temperature for 2 min. The number of printing was varied from
0, 5, 10, 15 and 20 repetitions to investigate the effect of SWCNT thickness coated on a
microporous PES membrane substrate as a function of interlayer. According to the number of

prints, SWCNT ink printed samples were denoted as P-0, P-5, P-10, P-15 and P-20 in this

paper.
2.3 Fabrication of thin-film composite (TFC) membranes

Fabrication of TFC membrane via and interfacial polymerization (IP) to form a PA layer on
the SWCNT-free (PES MF membrane) support and SWCNT-coated membrane supports was

conducted using two monomers of PIP and TMC (Fig. 1B), as similarly with our previous

7
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studies [29, 30]. Prior to IP process, prepared membrane supports were first pre-wetted by
water without any alcohol treatment and stored in DI water for overnight. The remaining water
on the membrane surface was removed by a filter paper and then only one side of membrane
surface was allowed for exposure using an acrylic frame for introduction of PIP and TMC
monomers. Then a certain concentration of PIP aqueous solution (0.05— 0.2 wt%) was poured
on a membrane surface which was exposed to the air for 1 minute and followed by removal of
excess liquid by wiping them out using a filter paper. Subsequently, 0.1 w/v% of TMC in
hexane was then introduced onto the membrane surface for 30 s to allow the formation of a
thin film PA active layer via IP reaction. The membranes were then dried in air for 1 minute
and heat-cured to facilitate higher cross-linking of amine reaction in the oven at 65°C for 5
mins. The fabricated TFC membranes were then kept in DI water and stored in a refrigerator
at 4°C before use. The PA layers fabricated on the P-0, P-5, P-10, P-15, and P-20 membrane

samples were denoted as TP-0, TP-5, TP-10, TP-15 and TP-20, respectively.

2.4 Characterization of membrane supports and TFC membranes

The morphological investigations via a field emission scanning electron microscope (FE-
SEM) (Zeiss Supra 55VP, Carl Zeiss AG) operated at 5 kV were performed for both membrane
supports and TFC membranes. For observing cross-section SEM images of TFC membranes,
a piece of TFC membrane was soaked in liquid nitrogen to fracture the samples. All membranes
were sputtered with Pd/Au using a coating machine (EM ACE600, Leica) before the FE-SEM
characterization. Surface hydrophilic property of membrane supports was estimated by water
contact angle measurements using an optical tensiometer (Theta Lite 100, Republic of Korea)
equipped with an image processing software. All support membranes were washed with DI
water to remove any impurities and post treatment agents and then dried at room temperature

prior to analysis. At least five measurements for each samples were examined and obtained an
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average value. Surface mean roughness (R,, nm) of SWCNT-free and SWCNT-coated
membrane supports was measured by atomic force microscope (AFM, Park )47) images with a
scanning area of 5 pm x 5 um and three measurements for each samples were performed and
their average values were obtained. Additionally, an overall average pore size of membrane
supports were determined using a capillary flow porometry (Porolux 100) under dry-up/wet-
up mode and a low surface tension Porefil (16 dynes cm™) was used as a membrane wetting
agent. To determine the atomic composition and degree of cross-linking of the PA layer in each
TFC membrane, X-ray photoelectron spectroscopy (XPS, JPS-9010 MC, JEOL, Japan)
analysis was performed. Based on the atomic composition analysis, the ratio of O and N can
provide the degree of cross-linkage of the PA layer. The O/N ratio is inversely proportional to

the degree of cross-linkage, which can be calculated using Eqns. (1) and (2):

a+b=1 (1
(0] 3a+4b
N 2a+2b (2)

where a and b are the fractions of the crosslinked structure and linear structure components of

PA layer, respectively.

The surface zeta potential of TFC membranes was evaluated using an Anton Paar Surpass
solid-surface analysis. All zeta potential tests at different pH (3-10) were carried out with 1
mM KCI background solution at 25°C and the solution pH values were adjusted by dosing 0.1

M HCl or 0.1 M NaOH solution.

2.5 Evaluation of separation performance for TFC membranes

TFC membrane performance such as water permeation and salts rejection was evaluated

using a Lab-scale membrane testing machine under cross-flow operation mode (cross-flow
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velocity = 8.3 ¢cm s™!) with effective membrane area of 4 cm®. Permeate water flux and salt
rejection rates were determined under the testing pressure of 4 bar at a temperature of 23°C +
1. Prior to performance tests, membrane samples were pre-compacted with DI water for 30 min
to minimize the effect of membrane compaction on membrane performance. The permeate flux

Jw was calculated using Eq. (3):
Jw = 3)

where V is the volume of the permeate water (L), A is the effective membrane area (m?), and

At is the time interval (h).

For the evaluation of the salt rejection performance, each 1,000 mg L™ of Na,SO4, MgSOs,
MgCl, and NaCl salts were used as feed solutions and the conductivity of the feed and permeate
solutions were measure using a portable conductivity meter (D-74G, Horiba scientific, Kyoto,

Japan) to evaluate the salt rejection performance of the TFC membranes.

Salt rejection R was calculated by Eq. (4):

R (%) =100 x (1-2)
f
4)

where Cr and C, are the salt concentrations in feed and permeate, respectively.

3. Results and discussion

3.1 Effect of SWCNT deposition via inkjet printing on PES MF membrane supports

10
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The SWCNT interlayer deposition on the PES MF support membrane was conducted via
inkjet printing technology. The prepared SWCNT ink was smoothly printed on the membrane
substrate and did not observe any blockage of nozzles in the cartridge head during the whole
printing experiments (See supplementary video S1). The effects of coated SWCNT layer on
the properties and morphology changes of PES membrane surface were investigated as these
two parameters strongly influence the formation of PA layer during the IP process. Fig. 2 shows
the FE-SEM and AFM images of support membranes without SWCNT interlayer and with
SWCNT interlayer coating. Pristine PES (P-0) MF membrane surface reveals a plane
polymeric surface with micron-sized open pores. However, as the numbers of SWCNT ink
printed on the membrane support increased, the open pores on the membrane surface were
covered by SWCNT network. When the 15 printings of SWCNT ink were performed, open
pores on the PES membrane surface were fully-covered with SWCNT network. For instance,
micro-pores on the PES membrane surface for P-15 and P-20 samples, disappeared over the 15
cycle of SWCNT ink prints, where SEM images exhibit continuous and dense-compact
SWCNT network formation on the surface of the PES membrane support. The volume of each
ink drop of the ink cartridge 63 is around 22x107'> L, and each drop covers an average surface
area of 90x1,000 pm? [28]. Therefore, 1 mL of SWCNT ink can covers about 410 cm?® area of
membrane surface and for SWCNT ink with the concentration of = 0.25 mg ml! can deposit
0.00061 mg cm™. In case the printing of 15 and 20 cycles can deposit SWCNT of 0.0092 and
0.0122 mg cm, respectively, as indicated in Table 1. This calculation indicates that only small
amount of SWCNT (0.01 mg) was needed to effectively form a SWCNT network with full
coverage on the 1 cm? area of PES membrane support demonstrating the material efficiency of
the inkjet printing process. An accumulation of SWCNT in different printing numbers can also
apparently be distinguishable from the optical images exhibited in Fig. S2. The PES membrane

surface has revealed darker grey colors with increase in SWCNT printing numbers.
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A. Inkjet printing of SWCNT ink B. Interfacial polymerization
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256

257 Fig. 1. Schematic of (A) SWCNT deposition on PES MF membrane via inkjet printing and
258 (B) ultrathin PA active layer deposition onto SWCNT coated PES membrane via interfacial

259 polymerization (IP).

260  Table 1. Pure water permeability, contact angle, average pore size and deposited SWCNT

261  amount of SWCNT-coated samples respect to the number of SWCNT ink prints.

Number of SWCNT Average pore Pure wa.t(.er Contact
Sample SWCNT amount size permeability angle @
ink prints (mg cm?) (nm) (L m? h! bar?) (Deg)
P-0 0 0 274.0 4505 £ 509 68.12 +2.20
P-5 5 0.0031 219.9 4057 £ 816 69.50 + 3.13
P-10 10 0.0061 128.2 3427 £ 222 59.87 £2.69
P-15 15 0.0092 93.2 2332+ 180 78.49 +£4.16
P-20 20 0.0122 53.5 495 +£42 83.19 £ 1.61

262 @ Contact angle of water droplet measured at 0 sec.

263

12



R, = 34.24+0.84 nm .

0 Print

R;=30.69+1.14 nm

5 Prints
R, = 27.28+0.46 nm

Bé.288 3

10 prints

15 prints

R;=21.7210.84 nm

20 prints
264 Fig. 2. FE-SEM and AFM images of the surfaces profile of PES MF membranes and the
265 SWCNT interlayer deposited PES membranes (P-0, P-5, P-10, P-15 and P-20).
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From AFM images (right hand side figures from the Fig. 2), one can observe that with
increasing number of SWCNT printing, the surface roughness (R.) value gradually decreased.
The P-0 showed an average surface roughness value of 34.24 + 0.84 nm and then it decreased
to 30.69 £ 1.14 nm, 27.28 £ 0.46 nm, 23.50 = 1.46 nm and 21.72 + 0.84 nm for P-5, P-10, P-
15 and P-20, respectively. These results demonstrate that SWCNT layer provides a smoother
and denser surface with increasing number of SWCNT deposition. Meanwhile, the initial water
contact angle of the membranes (Table 1) slightly decreased as the number of SWCNT ink
printings increased up to 10 cycles. Without SWCNT interlayer deposition, the initial water
contact angle was 68.12°; however, it was decreased to 59.87° after 10 cycles of SWCNT
printing. The reduction of contact angle is mainly attributed to the presence of hydrophilic
carboxylated SWCNT coating on the PES support, and the clear trend can be seen from the
time profile measurement shown in Fig. 3. The P-5 (69.50°) membrane had the similar initial
contact angle with the P-0. However, there is a sharper drop of the contact angle appeared for
P-5 sample with time and the water droplet completely disappeared after 9 s, and more
significant reduction was observed for P-10 sample. In contrast, it can be noted that when the
number of SWCNT prints exceeded 15 cycles (P-15 and P-20 samples), the contact angles were
increased compared to that of P-0 sample. This is due to the more densely packed SWCNT
network structure with increased deposition amount of the SWCNT leading to significant
decrease in pore size of the membrane (see Table 1). Thus, reduced pore size might hindered
the rapid penetration of water droplet, resulting in slight increase of the water contact angle
and similar trends are also observed from previous literatures [12, 31]. The pure water flux of
the support membranes (before IP process) was also measured to see the impact of SWCNT
deposition on the membrane performance. As shown in Table 1, the SWCNT-free PES support
(P-0) revealed the pure water flux of 4545.1 L m? h'! bar! which is typical permeability value

for MF membranes and then there was a gradual flux decline observed from 4057.5 to 2332.5

14
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L m? h'! bar! with increasing number of SWCNT printings from 5 to 15 printing cycles,
respectively. Further to this, it can be noted that there was a considerable drop in water flux for
P-20, where 10 fold reduction in flux was observed (495.0 L m™ h! bar") compared to the P-
0 membrane. This result is due to the significant decrease in membrane pore size by
accumulation of SWCNT layer induced by repeated cycles of printing and these results are in
good agreement with the contact angle measurement. Average pore size of support membranes
was also measured for further confirmation and it is summarized in Table 1, and this result
supports the pure water flux measurement results. As noted in Table 1, the average pore size
was reduced when the printing number of SWCNT was increased. The average pore size of
274.0 nm was obtained for pristine PES support membrane (P-0) and this value is well-matched
with the manufacturer’s information (220 nm). Eventually the pore size reached to 53.5 nm by
20 cycles of SWCNT ink printing which represented similar pore size of typical UF membranes.
These results support that SWCNT layer coated on the PES MF membrane, significantly
changed the surface morphology, and induced by varying deposition amount of SWCNT which
was controlled by the number of printing cycles. Such parameter altered the compactness of
the SWCNT network on PES support, thus reducing the pure water flux, surface pore size and
the surface roughness, while increasing the contact angle of the membrane support. All these
results are also consistent comparing with the previous studies which used CNTs as an

interlayer for high performance NF membrane fabrication [8, 10-12, 31, 32].
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Fig. 3. Contact angle trend of membrane supports as a function of contact time.

3.2 Optimization of IP condition at different PIP concentrations

Effect of PIP concentrations on NF membrane performance was investigated to find out an
optimum IP condition as well as a role of SWCNT interlayer. Two samples of pristine PES MF
membrane support (P-0) and SWCNT deposited on PES support by 10 SWCNT ink printings
(P-10) were used to conduct the IP process to compare the NF performance and their
corresponding TFC membranes were denoted to TP-0 and TP-10, respectively. The PIP
monomer concentration was varied at 0.05, 0.1, 0.15 and 0.2 wt% while the TMC concentration
was fixed at 0.1 w/v% for the formation of PA layer on the membrane substrates. Fig. 4
represents the permeate water flux and salt rejection (Na2SOs 1,000 mg L as feed solution)
performances of TP-0 and TP-10 TFC-NF membrane samples tested under applied pressure of
4 bar. Overall, both TP-0 and TP-10 TFC membranes exhibited similar water flux and salt
rejection trend as a function of different PIP concentrations in IP process, where the water flux
decreased while Na>SO4 divalent salt rejection improved as PIP concentration was increased.

This is mainly attributed to the less defects are formed in the PA selective layers when PIP
16
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monomer concentration is increased, which resulted in increasing water transport resistance
indicating the reduction of water flux but improving the salt retention across the thin PA
selective layer. Such observation is also supported by previous literatures [10, 14]. From the
performance trend shown in Fig. 4, TP-10 membrane was less affected by the PIP
concentrations compared to TP-0 membrane in membrane performances. Water flux of 19.98
L m? h'! bar"! was observed for TP-10 membrane showing slightly higher value compared to
the TP-0 membrane (18.65 L m™ h! bar!) at low PIP concentration of 0.05 wt%. However,
there is considerable decline in water flux for TP-0 membrane observed with increase in PIP
concentration, where water flux declined by 50% to 9.35 L m? h™! bar™ at the PIP concentration
of 0.2 wt%, while only 24% (16.88 L m? h! bar!) was reduced for TP-10 membrane under the

same PIP concentration.
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Fig. 4. Permeate flux and salt rejection (Na>;SO4 1,000 mg L) performance of NF
membranes for TP-0 and TP-10 TFC membranes fabricated under different PIP

concentrations (0.05, 0.1, 0.15 and 0.2 wt%).

Meanwhile, a significant improvement in Na;SOq rejection was observed for TP-10 membrane
with increase in PIP concentration. The result shows that salt rejection rate was increased from
91.54% to 96.26% at PIP concentration ranging from 0.05 wt% to 0.15 wt%, respectively, and
this result is comparable to the level of typical NF membranes performance. Although the TP-
0 membrane also followed a similar trend, by showing improvements in salt rejection rate, yet
its Na2SO4 rejection rate was lower values than that of P-10 membrane at all PIP concentrations.
From the above experimental results, it can be deduced that the membrane support surface
modified with SWCNT interlayer with 10 cycle of prints, provided the surface condition for
stable and enhanced polymerization to occur by reducing average pore sizes from 274 nm (P-
0) to 128.2 nm (P-10) with porous and interconnected matrix, which helped the formation of
defect-free and thin PA active layer even at relatively low PIP concentrations. Therefore, the
optimum IP condition for this study was selected at the PIP concentration of 0.15 wt% which

exhibited minimal decline in water flux while maintaining a good salt rejection rate (> 95%).

3.3 Effect of SWCNT as an interlayer on the PA active layer formation

Formation of PA selective layer on the surface of membrane supports were performed via IP
process using PIP (0.15 wt%) and TMC (0.1 wt%) monomers, and the surface morphologies
and the thickness of PA layers were characterized by FE-SEM. Fig. 5 illustrates the top surface
(left) and cross-sectional (right) images of PA layer for TFC-NF membranes without SWCNT
deposition (TP-0) and with SWCNT deposition (TP-5-20) representing the different numbers
of inkjet printing cycles. Considerably rough and nodular shapes of PA was formed on the top

surface of the SWCNT-free membrane (TP-0) which is shown in Fig. 5 and one can expect that
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there would be some defects formed during the PA formation. Moreover, one can notice that
the PA layer was formed inside the large pores of PES MF support (pore size of 274 nm) as
indicated by red arrows on the top surface SEM image of TP-0. This might be formed from the
remaining PIP monomer entrapped within the micropores, due to the large, rough, and
discontinuous pore structure of the PES substrate. This resulted in the non-uniform distribution
of PIP on the substrate, and subsequent formation of discontinuous, thick, and relatively rough
PA surface layer [31, 32]. On the other hand, smoother and flatter PA layer is formed when the
number of SWCNT interlayer depositions was increased as shown in Fig. 5. Patterns of
micropore of the membrane surface became less obvious or disappeared in the orders of TP-5,
TP-10, TP-15 and TP-20 membranes when covered with PA layer. It clearly indicates that
uniformly-dispersed and deposited SWCNT interlayer led to the reduced pore size with smooth
membrane surface, which helped the uniform diffusion of PIP solution, thus resulting in a
formation of defect-free, continuous, and smooth PA active layer. More details on PA layer
formation without and with SWCNT interlayers on PES membrane support will be discussed

in Section 3.5.

Furthermore, the thickness of PA active layer was significantly reduced as SWCNT ink
printing numbers increased, as revealed in the cross-sectional images in Fig. 5 (right hand side).
The TP-0 sample (SWCNT free) exhibited PA layer thickness of 123.5 + 9.4 nm. However,
when the SWCNT ink was printed more than 10 cycles, the thickness of PA active layer was
observed to be less than < 60 nm. Ultrathin PA active layer was consistently formed with
thickness of ~42 nm when the SWCNT ink printing exceeded 15 cycles as can be clearly seen
in Fig. 5 and Fig. S3. SWCNT layer provided the reduced pore size and interconnected pore
matrix with increased surface porosity which would facilitate the formation of ultrathin PA

layer [32].
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Fig. 5. Surface and cross-sectional FE-SEM images of the TFC NF membranes with different

number of SWCNT ink printings.
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391 Fig. 6. Surface zeta potential of TFC membranes estimated at different pH (3-10).
392

393  Table 2. Atomic composition and the degree of cross-linking of PA layer in the TFC

394  membranes.

Samples Cls Ols N1s O/N Ratio  Degree of cross-linking (%)
TP-0 74.83 15.44 9.73 1.59 32.04
TP-5 72.45 16.80 10.75 1.56 34.23
TP-10 76.15 14.47 9.38 1.54 36.09
TP-15 75.44 13.79 10.77 1.28 63.18
TP-20 74.66 14.07 11.27 1.25 66.91

395

396  Assurface charge of the PA layer plays an important role in rejection of divalent anions due to

397  the Donnan effects, surface zeta potential of TFC membranes at varying pH ranges (3-10) were
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measured as shown in Fig. 6 [17]. The TP-0 membrane showed negatively charged surface
across the entire pH range from 3 to 10 and the zeta potential value gradually decreased with
increase of pH value. All TFC membranes revealed negative charges at an isoelectric point due
to the presence of uncross-linked carboxyl groups of the acyl chloride from the IP process [12].
It can be noted that the zeta potential values for PA layers were shifted from negative to positive
with increased number of SWCNT prints. In case of TP-15 membrane, the isoelectric point
(IEP) revealed at pH value of ~5.6 which is significantly increased as compared to the TP-0
membrane, yet it still exhibit negative charges which is in good agreement with other literatures
that PA layer formed on the SWCNTs intermediate layers, favorable IEP value for high
rejection of anions [12, 31]. Additionally, overall zeta potential trend with different amount of
SWCNT prints for the interlayer also well-matched with the degree of cross-linking (%) of PA
layer determined from the XPS analysis (Table 2). The lowest degree of cross-linkage was
obtained from TP-0 membrane (32.04%) which may correspond to the remaining of abundant
uncross-linked carboxyl groups on the PA surface as zeta potential result also demonstrate
significantly lower values across the pH ranges. However, as the SWCNT printing increased
from 5 to 20 cycles on the PES support for TFC membranes, lower negative charge were
exhibited and higher degrees of cross-linkage of PA layers were achieved at 34.23%, 36.09%,
63.18%, and 66.91% for TP-5, TP-10, TP-15 and TP-20, respectively. Such formation of highly
cross-linked PA layer was facilitated by SWCNT interlayer and could potentially be

advantageous for high ion selectivity driven by size sieving effect.

3.4 Impact of SWCNT interlayer on TFC membrane performance

In order to investigate the impact of varying number of SWCNT printings and interlayer
condition on TFC membrane performances, a PA layer was fabricated under optimum IP

condition of (PIP concentration of 0.15 wt% and TMC concentration of 0.1 w/v%) which was
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obtained from the experimental results indicated in Fig. 4. The NF performance tests were
performed using a divalent salt of Na;SO4 for testing TFC membranes and water flux and salt
rejection performance results are represented in Fig. 7(A). It can be clearly seen that water flux
and Na,SOs rejection of 11.42 + 0.74 L m™? h™! bar! and 95.48 + 0.45% is achieved for TP-0
sample and much enhanced performance where water flux of 18.60 = 0.44 L m? h' bar! and
rejection of 96.26 = 0.42% is achieved for TP-10 membrane. The trend shows that the
membrane performance steadily improved with increasing numbers of SWCNT prints from 0
to 10 cycles. After 10 cycles of SWCNT printing, marginal reduction in water flux appeared at
15 cycles of printings yet the salt rejection rate was further enhanced up to 97.88 + 0.33%.
Particularly, significant enhancement in permeate water flux (increment in water flux of 61%
from TP-0 to TP-10 membrane) was observed for TP-0 to TP-10 membrane, while salt rejection
was also enhanced with increasing numbers of SWCNT printings. Improvement of water flux
at higher printing numbers (between 0 to 10 cycles) could mainly be attributed to the formation
of significantly thinner PA layer (see Fig. 5, reduced from 123.5 £ 9.4 nm to 56.9 + 6.8 nm).
Thus, the thinner PA active layer subsequently reduced the water transport resistance and the
porous SWCNT interlayer matrix provide increase in liquid transport channels, and such trend
is in good agreement with other literatures [12, 15, 32]. Additionally, a higher degree of
cross-linking of PA layers (Table 2) formed on the PES substrates containing SWCNT
interlayers (i.e. TP-5 and TP-10), as compared to TP-0 (without SWCNT interlayer), could

enhance the ion selectivity with minimized water permeance hindrance.
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Fig. 7. (A) Permeate water flux and salt rejection performances of the TFC NF membranes
fabricated with different numbers of SWCNT prints and (B) long-term performance of the
TP-15 membrane (feed solution: Na,SO4 1,000 mg L', applied pressure: 4 bar, and cross-

flow velocity: 0.83 cms™).

Meanwhile, TP-20 membrane, exhibited the water flux of 15.31 £ 0.43 L m? h! bar revealing
slight reduction in flux when compared with TP-10 or TP-15 membranes, yet higher than that

of TP-0 membrane. Moreover, TP-20 membrane exhibited further enhanced salt rejection of
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NazSOs up to 98.01 £ 0.14%. Further deposition of SWCNT interlayer on PES MF support
(e.g. 20 cycles of SWCNT prints) resulted in formation of thinnest PA active layer (41.7 nm)
among all TFC membranes (Fig. 5). However, this also led to the highest degree of PA layer
crosslinking (Table 2) which resulted in tightening of the membrane pore size attributing to the
slightly reduced water permeance [14]. Amongst all prepared TFC membranes with varying
number of SWCNT printing cycles, P-15 support membrane (15 cycle SWCNT prints)
provided the best support membrane condition for IP process which resulted in both high water
flux (18.24 £ 0.43 L m? h™! bar!) and excellent salt rejection rate compared to other membranes.
Further experiment using the TP-15 membrane was also conducted to investigate the
membrane stability under long-term operation. As shown in Fig. 7(B), both water permeability
and salt rejection performances remained constant during the operation for 48 hours,

confirming the good mechanical stability of the fabricated TFC membrane.
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Fig. 8. Permeate water flux and rejection performances of TP-15 TFC NF membrane (15
SWCNT prints) under varied salts as a feed solution (1,000 mg L' Na>SO4, MgSOs, MgCl

and NaCl) and DI water, applied pressure: 4 bar.

The NF separation performance for the TP-15 TFC membrane was further evaluated with
different salts as well as DI water as feed waters and their permeate flux and salts rejection
results can be seen in Fig. 8. It can be note that the rejection rate of salts by TP-15 TFC
membrane showed in the order of Na;SO4 (97.88 + 0.33%), MgSO4 (89.78 + 3.42%), MgCl,
(55.71 £ 4.02%) and NaCl (21.76 £ 3.13%). The sulfate salts such as NaxSO4 and MgSO4
exhibited much higher rejection rates than that of chloride salts including MgCl> and NaCl
because the synergistic effect of molecular size sieving and strong Donnan exclusion (IEP =5.6
for TP-15) with the sulfate salts [10, 15, 31]. The TP-15 TFC membrane achieved the pure
water flux (DI water as feed) 0f21.89 +1.20 L m™? h! bar! and when saline solution was used
as feed, lower permeate fluxes were observed for all cases of feed solution containing varying

salts due to the hindrance by osmotic pressure of each salts and concentration polarization.
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Fig. 9. Morphology changes of PA selective layers formed on varying number of SWCNT

printings characterized by FE-SEM (A) for active layer (PA or PA with SWCNT)-free
surface and back surface of PA layer with SWCNT interlayer, and (B) conceptual illustration

of SWCNT ink drop on PES MF support depositing the SWCNT interlayer.

3.5 Implication and limitation of SWCNT interlayers utilized via inkjet printing

To further explore the formation of PA active layers as well as their morphology changes on
different loadings of SWCNT coated via inkjet printing process, active layer (PA alone or PA
with SWCNT) on the TFC membranes were carefully removed using an adhesive tape. Then
the morphologies of active layer-free surfaces of PES membrane (active layer removed) and
the back surfaces of PA without SWCNT (TP-0) and PA with SWCNT (TP-10, TP-15 and TP-

20) layers were investigated by FE-SEM observation as shown in Fig. 9(A). Numbers of
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nodular-shaped, non-porous particles appeared on the back surface of PA layer for TP-0
membrane. This is due to the presence of large pores of PES surface, leading to uneven
coverage by PIP aqueous solution allowing the facile penetration of TMC solvent into the
larger pore structures during the IP process, causing the formation of PA particles inside the
micropores of PES support [12, 32]. While, active layer-free surface image of TP-0 membrane
revealed some remainder of the dense PA active layers formed inside the pores which were not
fully detached from the surface of PES support by an adhesive tape. This indicates that the
discontinuous PA layer was formed on the pure PES support. However, other samples which
had SWCNT interlayer such as TP-10, -15 and -20 membranes, where active layers were
composed of PA and SWCNT, revealed the typical surface structure of PES MF membrane
when active layer was completely peeled-off. Interestingly, nodular shaped particles were also
observed on the back surface from the membrane samples (TP-10~20) shown in FE-SEM
images, where those particles were mainly composed of porous SWCNTs bundles. This trend
clearly shows that, with increase of SWCNT printing numbers, the dense PA nodular particles,
on the back surface of PA layer were non-visible when SWCNT prints exceeded 10 cycles (TP-
15 and TP-20). This observation reinforces our claim that PES support membrane pores were
fully covered and occupied with SWCNT matrix on the PES membrane surface, reducing the
surface pore size and smoother surface with interconnected matrix, providing a buffer layer
which facilitates the uniform distribution of PIP monomer in the membrane substrate, leading
to formation of smoother and low-defect PA layer. Also substrate surface tuned by SWCNT
deposition limits the diffusion of the PIP monomer during the IP process, leading to formation

of thinner PA layer with higher degree of cross-linking (Table 1) [12].

We also noticed that the back surface structures of support membrane coated with SWCNT
via inkjet printing serve as an interlayer, after the IP process. This new information reveals that

the SWCNTs interlayer structure exhibits a flat-nodular shaped patterns which are slightly
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different to other literatures which report flat surface on the back side of PA layer with low
roughness and imprinted patterns of SWCNT matrix [12, 32]. In previous studies, CNTs were
mostly coated on a MF support via vacuum filtration method [8, 10-12, 15], or other few studies
used spray coating [32] or brush-painting [31] techniques. These nanomaterial coating
techniques are mainly pressurized or force-driven techniques where most of the CNTs will be
positioned and composed as interconnected matrix on the membrane surface covering the
surface pores. However, as illustrated in Fig. 9(B), SWCNTs deposition via inkjet printing is
sensitive to the surface morphology of microporous support membrane. When a pico-liter of
SWCNTs ink droplet comes in contact with a surface of PES support, ink would first move to
larger and inner pores which have lower capillary force and mass transport resistance. A high
surface tension of SWCNT water based ink (= 72 dynes cm™) might also affect the water
penetration behaviors. Thus, the SWCNTSs will accumulate partially in the area of inner pores
and when the pores sufficiently filled, then SWCNTs layer will fully cover the other regions
on the PES membrane surface. This orderly deposited SWCNTs via inkjet printing resulted in
slightly different patterns of the back surface of PA-SWCNT layers (see Fig. 9(A, B)). Such
unique formation of PA-SWCNT selective layer would possibly aid in binding between the PA
selective layer and PES support layer, forming a mechanically stable SWCNT intermediate
layer between PES support and PA layer, as long-term experiment confirms the stability of
TFC membranes (see Fig. 7(b)). Moreover, SWCNT with short lengths of 1~3 um was used as
SWCNT ink in this study (in previous studies, SWCNT with size of 5~30 um were used), and
this could be another reason for the ease in penetration of the SWCNTSs into the pores of PES
support. We also attempted to use the SWCNTSs sizes of 5~30 um as an ink, however, easy
blockage of ink nozzle head was observed even at low SWCNT concentration, as nozzle
diameter was only 30 pm. As we used a commercial HP home-office inkjet printer and inkjet

cartridge, the nozzle size of cartridge could not be adjusted and caused the limitation in
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designing and demonstration while changing other printing parameters. Nevertheless, we
demonstrate the high potential of using inkjet printing technology to coat nanomaterials for
membrane developments and further investigations are needed to develop suitable

nanomaterial inks and printing devices optimization in near future.

3.6 Conclusions

A high performance TFC NF membrane with ultrathin PA active layer was successfully
synthesized by using SWCNTs as an interlayer between the PA active layer and PES MF
membrane support. We first introduced a potential application of inkjet printing technology to
deposit SWCNT ink on PES MF membrane to utilize them as an interlayer. SWCNT ink printed
over 10 cycles efficiently modified the surface morphology of PES MF support membrane by
reducing surface pore size and roughness, thereby achieving a formation of ultrathin PA active
layer (PA layer thickness of TP-15 is ~42 nm). The TFC NF membrane fabricated at an optimal
condition (15 cycle prints of SWCNT ink) exhibited significantly improved membrane
performances including permeate water flux of 18.24 + 0.43 L m? h'! bar! with a high salt
rejection of NaxSOs divalent salts (97.88 + 0.33%) as compared to SWCNT-free TFC
membrane. We also demonstrate that inkjet printing technique is an attractive route for
depositing nanomaterials, which is simple and enable rapid deposition with potential scalability
on the membranes surface not only for SWCNT ink, but which could also be applicable for
depositing other nanomaterials. However, some challenges of inkjet printing technology yet
remains to be overcome in future, such as further efforts in developing optimum nanomaterial

inks and development of printing devices specialized for membrane manufacturing.
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