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ARTICLE INFO ABSTRACT

Handling Editor: Dr Hao Wang The surface charge of a separation membrane is a critical factor affecting its performance in ion separation and
fouling resistance. Thin-film composite (TFC) polyamide (PA) membrane, commonly used in water treatment,
often suffer from excessive surface negative charges, which significantly limits their application and fouling
resistance. To address this issue, this work introduces a carbon nanotubes (CNT) intermediate layer to adjust the
surface charge of TFC PA membranes, aiming to achieve a PA layer with neutral properties. Novel grazing-
incidence wide-angle x-ray scattering (GIWAXS) measurements were employed to elucidate the effect of CNT
on the molecular chain stacking of PA. The CNT intermediate layer was found to influence the PA cross-linking,
which is related to surface negative charge, by controlling the storage and release of the m-phenylenediamine
monomer during interfacial polymerization. The neutral CNT-TFC membrane demonstrated improved NHj
retention and increased resistance to fouling by protein, surfactant, and E. coli. However, other surface prop-
erties, such as roughness and hydrophilicity, could counteract the antifouling benefits of a neutral surface. This
work provides insights into additional advantages of CNT intermediate layer intercalation in TFC PA membranes,
such as enhanced cross-linking and surface charge control.
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various applications, encompassing desalination, selective separation,
purification, and concentration processes [8]. RO can separate dissolved

1. Introduction

The exponential growth of the world’s population and rapid eco-
nomic development have led to a significant increase in the demand for
clean and accessible water [1,2]. To address the water scarcity crisis,
seawater desalination and wastewater reuse are increasingly being
employed to provide a fresh and clean water supply [3,4]. Over the past
six decades, membrane technology has played a crucial role in water
resources and water reuse, due to its less cost and sustainable and effi-
cient solutions in augmentation of water supply [5,6]. Membrane ap-
plications have evolved to highly efficient processes not only for
desalination, as well as treatment of wastewater and industrial effluents
[71.

Reverse osmosis (RO) is a pressure-driven membrane process that
has gained extensive recognition and is now being widely employed in

solutes, which include monovalent ions like Na™ and Cl~ and organic
molecules with low molecular weights, from water through a semi-
permeable membrane that allows water to pass through while selec-
tively blocking solutes. As both research and industrial applications of
RO have flourished, new composite membranes have emerged, further
enhancing RO’s potential for a wide range of applications and improving
its capabilities in handling water-related issues.

An excellent membrane material candidate for RO is the thin film
composite (TFC) membrane, which typically consists of a porous sub-
strate and an ultrathin selective polyamide (PA) layer prepared using
interfacial polymerization (IP) [9]. Both the substrate and selective
layers can be modified and controlled separately to achieve the desired
properties and performance. The PA selective layer is conventionally
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prepared using the IP reaction of diamines, present in aqueous solutions,
and acyl chlorides, present in organic solutions, near the organic phase
side of the interface [10,11]. The TFC RO membrane preparation typi-
cally employs m-phenylenediamine (MPD) and trimesoyl chloride
(TMC) as the respective diamine and acyl chloride monomers [12]. The
development of TFC membranes has continued to grow due to the
exceptional characteristics of the membrane, such as high permeability
and selectivity, robustness, and resistance to a wide range of pH, tem-
peratures or foulant adsorption [13,14]. The performance of TFC
membranes is mainly determined by the characteristics of the PA thin
film, thus finding a facile way to control the PA property is of great
importance for improving TFC membrane performance with specific
demanding [15,16].

The surface characteristics of TFC membranes, such as roughness,
porosity, pore size, exposed membrane surface area, polarity and charge
density, are very important to ensure the quality of treatment process
and managing surface interactions and foulant deposition mechanisms
[17]. For example, the TFC membrane’s selectivity and anti-fouling
performance largely depend on the charge of its surface, which is
consequently influenced by the polarizability of the functional groups at
the liquid-solid interface [18]. Many researchers have attempted to
customize the charge of membrane surface to achieve efficient separa-
tion without sacrificing permeability, especially for treating solutions
containing charged substances. Among the methods performed for
membrane surface charge engineering in literature include
layer-by-layer assembly [19,20], specialized IP process [21], and surface
grafting [18,22]. Other earlier work on surface charge control of TFC
membranes involve the quenching of residual acyl chloride groups in
nascent PA films by secondary IP [23,24] and regulation of the IP pro-
cess to influence hydrolysis and cross-linking [25,26]. Remarkable
changes on surface charge were achieved; however these methods have
certain limitations, such as multi-step operation, cumbersome process,
and uncontrollable degree and rate of reaction [21]. Therefore, there is a
pressing need for a straightforward method to control surface charge.

Kinetic analysis of the IP process has revealed that the reaction oc-
curs very rapidly [27], and the acyl chloride groups in TMC molecules
could hydrolyze to carboxyl (—COOH) groups [28]. The surface charge
and cross-linking degree of PA become more pronounced with the net
content of -COOH groups and the extent of reaction between MPD and
TMC. That offers a direct way of surface charge tailoring through
influencing the IP reaction. The IP reaction occurs in-situ on the surface
of a porous substrate, offering a potential way to influence the IP reac-
tion by adjusting the surface properties of the substrate, thereby regu-
lating the surface charge of formed PA layer [29,30]. Surface properties
such as pore size, hydrophilicity and functionalization can be easily
tailored through several conventional methods, including but not
limited to matrix blending and surface modification.

Particularly, the intercalation strategy using one-dimension nano-
materials, such as carbon nanotubes (CNT), to form a nano-network atop
the substrate has become a novel approach to tailor the substrate
properties and the structure of TFC membranes [31]. The ability of CNTs
to form nano-networks is owed to intramolecular covalent bonds, which
also provide CNT outstanding mechanical properties [32-34]. In this
method, the CNTs are intercalated as a layer between the PA layer and
the substrate in a two-dimensional manner. This CNT intermediate layer
has been shown to effectively adjust the surface properties of substrate
[35], facilitate water transport through gutter layer effect [36-38], and
reduce PA intrusion into the substrate [39,40]. The first attempt to use
the CNT intercalation strategy was reported by Marand and Johnson
et al. [31] in 2013, who intercalated a network formed by
zwitterion-functionalized CNTs between the PA layer and the substrate
layer. This CNT intermediate layer, along with the zwitterion func-
tionalization, resulted in a fourfold increase in water flux. Subsequent
research has further explored the mechanisms behind the performance
enhancement of membranes with a CNT intermediate layer. For
example, Hu et al. [39] investigated the backside of PA layer formed on
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the CNT intermediate layer and found that this CNT layer effectively
prevented the growth of PA into the macropores of the substrate. Tang
et al. [37,38] studied the gutter layer effect of the CNT intermediate
layer through transport modeling and experiments, proving that a
highly permeable interlayer can facilitate water transport in the trans-
verse direction, thereby minimizing the transport distance within the
low-permeability PA film. In our earlier work, we have investigated the
role of CNT intermediate layer in PA formation and we found that the
CNT intermediate layer could influence the MPD supply regulation and
IP monomer release rate [35]. The CNT coating was proved to decrease
the MPD storage capacity and increase the MPD release rate, which
ultimately influenced the IP reaction with TMC and ultimately the PA
film formation. Based on this, the CNT intermediate layer could be a
significant instrument in regulation of the PA surface charge, which
could further bring an effect on the membrane performance which are
charge-dependent, such as ammonium separation [23,41].

In this work, the influence of CNT intermediate layer on the surface
charge of polyketone (PK)-based TFC membranes was investigated, and
the feasibility of surface charge regulation using CNT intermediate layer
was examined. The resultant neutral CNT-interlayered thin film nano-
composite (CNT-ITFN) membrane was evaluated in both ammonium
separation and fouling-resistance performance, which were earlier
found to be influenced by the cross-linking degree and surface charge of
the PA selective layer [23,41,42]. This work provides insights on other
benefits, such as higher cross-linking and surface charge control, of the
intercalation modification which are often overlooked during develop-
ment of TFC membranes.

2. Experimental

In this work, we maintained the same membrane fabrication method
as in our previous study [35]. However, the CNT-ITFN membranes were
applied to water treatment instead of organic solvent environment to
amplify the charge effect on separation performance. Additionally,
grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements
were applied for the first time to investigate the layered structure of
CNT-ITFN membranes. The detailed materials and procedures for
membrane preparation, characterization, and evaluation of membrane
performance and fouling control ability are shown in the Supporting
Information.

3. Results and discussion
3.1. Structure of CNT-ITFN membranes

The surface morphologies of polyketone (PK) and PK-CNT substrates
with different CNT loadings were shown and discussed in Fig. S1, with
0.5 mL coating amount determined as the minimum filtration volume of
CNT dispersion to prepare a continuous CNT network (Fig. Slc), as
observed in earlier studies involving CNT [43].

The influence of CNT intermediate layer on the surface morphology
of PA selective layer is shown in Fig. 1a. The pristine TFC membrane
(TFC-0) showed the typical ridge-and-valley and nodular structures
characteristic of the PA layer (Fig. 1al). However, upon the introduction
of CNT intermediate layer, it could be noticed that the ridge-and-valley
structures evolved into larger leaf-like structures, and the nodular
structures gradually turned into ridge-and-valley structures. The PA
leaf-like structures could also be observed to overlap with each other,
resulting in an apparent multi-layered structure.

To further understand the structure of CNT-ITFN membranes, Fig. S2
shows large-scale cross-sectional SEM images of TFC membranes. Since
the thickness of the PK substrate is around 100 pm, the overall thickness
of the TFC membrane does not change significantly after the IP reaction
because the CNT intermediate layer and PA layer are ultrathin and at the
nano-level. To differentiate between layers, high-resolution cross-
sectional SEM images are presented in Fig. 1b. For all samples, the
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Fig. 1. (a) Surface morphology of TFC membranes imaged using FE-SEM; Cross-sectional morphology of the TFC membranes imaged using (b) field emission
scanning electron microscopy (FE-SEM) and (c) transmission electron microscope (TEM). Legend: (1) Pristine TFC-0 membrane, (2-5) TFC membranes prepared with
PK-CNT substrate coated with 0.3, 0.5, 1, and 3 mL of CNT dispersion, respectively (TFC-x, where x represents the volume of CNT dispersion used to coating the

PK surface).

porous structure located in the lower half of the image corresponds to
the PK substrate, while the crumpled structure on top represents the PA
layer. Additionally, very fine fibers, identified as CNT fibers, can be seen
sporadically in the CNT-interlayered samples. However, due to the
interlocking structure between layers, it is challenging to distinguish the
boundaries of these layers in SEM images. Therefore, TEM character-
ization was conducted to provide a clearer view of the layered structure
of TFC membranes (Fig. 1c). In the TEM images, the PA layer, CNT in-
termediate layer, and PK substrate are clearly distinguishable and
labeled accordingly in each image. For the PA layers, the crumpled
structure becomes more pronounced after introducing CNT intermediate
layer (Fig. 1c.1-3). This phenomenon was observed from the morpho-
logical images of the membranes whose intermediate layers were pre-
pared with CNT dispersion volumes lower than 1 mL. The membranes
whose intermediate layers were prepared using higher CNT dispersion
amounts (TFC-1 and TFC-3) showed a reduction in leaf-like structures
and another emergence of nodular structures (Fig. 1c.4-5). To further
quantify the changes, we measured the thickness of the CNT layer and
the apparent thickness of the crumpled PA layer based on TEM images.
The average thickness of the PA layer for TFC-0 was 108 + 13 nm. After
introducing the CNT intermediate layer, the PA thickness increased to
261 + 27 nm for TFC-0.5, then slightly decreased to 232 + 67 nm for
TFC-1. However, excessive CNT loading led to a reduction in PA thick-
ness, measuring 129 + 25 nm for TFC-3. This transition in the PA
structure was also corroborated by the cross-sectional SEM images
(Fig. 1b and c¢) and the surface roughness data listed in Table S2.

In our earlier work, we studied in detail the mechanism of these PA
structural phenomena [35] which was a consequence of different IP
reaction extent affected by the CNT intermediate layer. Briefly, the
loading of CNT in the intermediate layer is positively correlated with the
diffusion rate of the IP monomer MPD. Higher CNT loading (a thicker
CNT intermediate layer) promotes MPD diffusion, which in turn facili-
tates the IP reaction and results in a PA layer with greater apparent
thickness. However, excessive CNT loading can have the opposite effect,
weakening MPD diffusion and leading to a reduction in leaf-like struc-
tures and apparent thickness of PA layer, as seen in TFC-3 [35].

3.2. GIWAXS analysis of the composite cross-linking structure of CNT-
ITFN membrane

As the IP reaction happened on the surface of CNT, the CNT layer is
more likely working as a bottom scaffold for the PA generation in a
perpendicular direction, forming an uneven distribution of the com-
posite structure inside the PA layer. To further demonstrate this com-
posite structure change brought about by CNT, an investigation
employing 2D grazing-incidence wide-angle X-ray scattering (GIWAXS)
was conducted to elucidate the significance of intercalating CNT within
the PA layer and its effect on molecular packing.

Fig. 2a-d shows the 2D GIWAXS patterns of TFC membranes. For all
TFC membranes, scattering rings were found to be distributed across all
azimuthal directions from g; to gy, (where q; and gy denote the orien-
tation direction of out-of-plane and in-plane, respectively), which means
there are crystalline structures in the sample, however, these crystal
units are randomly orientated. These ring scattering patterns are
different from literatures which reported arc scattering patterns for IP-
made aromatic PA film [44,45]. It should be noted that despite the
quite low incident angle (0.05°) of X-ray in GIWAXS measurements
(testing details are provided in the Supporting Information), the PK
substrate and CNT intermediate layer can still be detected [46].
Therefore, the unusual scattering pattern of PA could be attributed to the
scattering of the underlying PK substrate or CNT intermediate layer
which are randomly stacking in the TFC membrane.

Upon the introduction of CNT intermediate layer between PK sub-
strate and PA layer, two thin scattering rings gradually appeared in the
patterns of TFC-0.3 and TFC-0.5 (Fig. 2b and ¢). The disappearance of
ring at g; ~2 A~ could be attributed to the undetectability of PK when
the much rougher PA formed on a thickened CNT scaffold (See Table S2
for surface roughness change of TFC membranes). On the other hand,
the disorderly stacking of the CNT scaffold at the bottom of PA layer was
detected and found to contribute to the two thin scattering rings which
represent the crystalline phases CNT. Clearer boundary was found for
TFC-0.5 case, as more CNT was incorporated. However, the thin double
rings disappeared in the pattern of TFC-1 and replaced by a local
sparking arc at g, direction (black dashed rectangle in Fig. 2d). This
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Fig. 2. 2D GIWAXS patterns of the pristine TFC-0 membrane (a) and the CNT-ITFN membranes with CNT loading of 0.3 (b), 0.5 (c) and 1 (d); Integration plots of
TFC-0 and TFC-1 in the direction of out-of-plane (e). The d-spacing was calculated based on the equation of d = (2r)/q.

distinct behavior illustrates that the CNT stacking changed from uniform
stacking arrangements to out-of-plane multilayer stacking, after forming
a sufficient CNT network at a CNT loading of 0.5 (Fig. S1c).

Moreover, a detailed comparison of TFC-0 and TFC-1 was conducted
using integration plots in an out-of-plane direction (Fig. 2e). TFC-
0 shows three characteristic peaks of aromatic PA at g, = 1.75 10\’1,
g3 =1.56 A"! and g5 = 1.28 A™1, corresponding to the © -x stacking (qz
and gs3) and the “T-shaped” configuration (gs) of the aromatic rings in
the PA molecular chain according to reported works [44,46]. Another
two peaks at q; = 1.84 A~! and g4 = 1.48 A~! disappeared after intro-
ducing CNT intermediate layer (see TFC-1 profile), likely due to the
increased thickness of the PA layer and CNT layer making the PK sub-
strate undetectable, as evidenced by the 2D scattering pattern. Another
significant difference for TFC-1 is the shift of the characteristic PA peaks
to smaller q values: g2’ = 1.64 ;\’1, qs’ =1.50 10\’1, and g5’ =1.23 AL
This peak shift indicates a change in the aromatic ring motifs in the
TFC-1 membrane.

The d-spacing, considered as the footprint to differentiate the
arrangement of molecule chains in TFC membranes, was calculated
according to the magnitude of scattering vector q and Bragg’s law [44,
471 d = %, the detailed calculation method is shown in Supporting

Information). Considering the inversely proportional relationship be-
tween q and d, a small q indicates a larger d-spacing of packing motifs.
The calculated d-spacing based on the three characteristic peaks shown
in TFC-0 and TFC-1 profile are labeled in Fig. 2e. It can be observed that
TFC-1 projects larger d-spacings of 3.83 A and 4.20 A for -1 stacking,
and 5.11 A for the T-shaped configuration. Moreover, the intensity of
these three shifted peaks also increased, indicating more oriented motifs
formed. The large d-spacing and more oriented motifs detected can be
attributed to the following reasons: First, the CNT scaffolds aid in
rearranging the PA chains in the out-of-plane direction with controlled
heterogeneity, resulting in a more permeable PA structure than TFC-0
[46], particularly when optimal CNT loading and PA cross-linking
conditions are met. This promoting effect of CNT on polymer crystalli-
zation or crystal form change has also been demonstrated in other
CNT-polymer blending works, although the polymers and species of CNT

studied were different [48-50]. Another reason for the large d-spacing of
TFC-1 may be signal interference from the underlying CNT scaffolds,
where the large benzene ring stacking between nanotubes can be
detected. Nevertheless, the T-shaped configuration exclusive to aro-
matic PA confirmed the increased d-spacing of PA for TFC-1, which is
preferential for water diffusion [46]. These findings contribute to a more
comprehensive understanding of the composite structure within
CNT-ITFN membranes.

On the other hand, there are few studies on the structure of TFC
membranes using GIWAXS. Most have characterized the single PA layer
by dissolving the substrate with solvents to diminish substrate influence.
However, solvent treatment could also cause changes in the PA crys-
talline structure, affecting the results. Our work is the first attempt to
apply GIWAXS technology, a method mainly used for structural char-
acterization of conjugated polymers [51,52], to study this CNT-ITFN
membrane in situ, demonstrating a potential method for other TFC
membranes. In the future, more research on the substrate structure or
the incident angle of X-ray (e.g., detecting depth) is worth conducting to
provide more detailed information for the composite structure of TFC
membranes.

3.3. Influence of CNT intermediate layer on surface charge of TFC
membrane

In an earlier work, the CNT intermediate layer was proved to influ-
ence the IP reaction by promoting the monomer release, resulting in
different extents of IP reaction which could bring a difference on the
charge property of PA layer [35]. To illustrate this potential change on
surface charge, we first measured the zeta potential of the pristine and
the CNT-ITFN membranes over a pH range of 3-10. Comparing the
CNT-ITFN membranes, there was a clear change in the surface zeta
potential as the CNT dispersion coating volume increased. As shown in
Fig. 3a, with an increase of CNT dispersion coating volume from 0.1 mL
to 1 mL, the surface of TFC membrane became less negative, with TFC-1
membrane exhibiting generally neutral to positive charges at all pH
values. Further increasing the CNT dispersion volume did not result in
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Fig. 3. (a) Zeta potential of TFC membranes having different CNT loading amount (TFC-x, where x represents the volume of CNT dispersion used to coating the PK
surface; the IP monomer concentrations were fixed at 2 wt% MPD and 0.1 wt% TMC); (b) Zeta potential of the TFC membranes fabricated using different MPD and
TMC concentration under a fixed CNT coating volume of 1 mL (TFC-1 (x/y), where the x and y represent the weight percent of MPD and TMC); (c) Calculated cross-
linking degree (Numerical data was provided in Table S3); (d) Correlation of the zeta potential and the cross-linking degree of TFC membranes prepared in this work.

any significant change in the membrane surface zeta potential.

To further demonstrate the changes on surface charge, the CNT-ITFN
membranes prepared using different IP monomer concentrations: (1)
0.4 wt% MPD and 0.02 wt% TMC; (2) 1 wt% MPD and 0.05 wt% TMC;
(3) 4 wt% MPD and 0.2 wt% TMC, under a fixed CNT loading at 1, were
characterized for zeta potential measurements and surface morphology.
The surface morphologies of these TFC membranes were shown in
Fig. S3. Despite the differences in the PA morphology and the MPD and
TMC monomer concentrations during the IP process, the neutral prop-
erty was still found on these TFC membranes, as shown in Fig. 3b. It is
widely known that the negative surface charge of PA layer is mainly
attributed to the carboxyl groups hydrolyzed from the unreacted acyl
chloride groups of TMC. The less negative charges mean the less
carboxyl groups remained on the PA surface, which means less acyl
chloride groups were hydrolyzed, indicating that more acyl chloride
groups had reacted with the amine groups of MPD during the IP reac-
tion, leading to a higher PA cross-linking degree.

Based on this, we calculated the cross-linking degree of PA according
to the X-ray photoelectron spectroscopy (XPS) analysis (Fig. S4). The
cross-linking degree of PA selective layers were shown in Fig. 3c. The
pristine TFC membrane has a cross-linking degree of 0.43, and it was
observed to increase with the intercalation of the CNT intermediate
layer. This indicates that the introduction of nano-sized materials and
intermediate layer could influence polyamide formation [53,54]. As the
CNT loading increased, the cross-linking degree was observed to in-
crease as well, with the highest cross-linking degree of 0.68 for TFC-1
(TFC membrane prepared using PK substrate coated with 1 mL CNT
dispersion). Further increasing the amount of CNT coating on the
membrane substrate resulted in a slightly lower cross-linking degree
value of 0.60 for TFC-3 membrane, which were still higher than that of
the pristine TFC membrane. The cross-linking degree of the TFC-1
(0.4/0.02), TFC-1 (1/0.05), and TFC-1 (2/0.1) were also determined,
and all showed similar cross-linking degrees of 0.61-0.68. Comparing
these three, there was a noticeable increase as the amount of IP mono-
mers, but the changes were only marginal. TFC-1 (4/0.2), on the other

hand, exhibited the highest cross-linking degree of 0.79, which could be
attributed to the facilitation of more PA formation when there were
more reactants present during the reaction.

Earlier studies have reported that the cross-linking during IP could
influence the surface charge of TFC membrane. Therefore, we correlated
the cross-linking degree with the zeta potential values at pH 7. It is
observed that there was a clear correlation between the membranes’
cross-linking degree and their charge densities (Fig. 3d). The pristine
TFC membrane (TFC-0) was observed to have the lowest cross-linking
and the most negatively charged membrane surface, as well. When the
CNT intermediate layer was introduced, there was an observed increase
in cross-linking degree and decrease in negative surface charge, but only
until the TFC membranes prepared with PK substrate coated with 1 mL
CNT dispersion (TFC-1, TFC-1 (0.4/0.02), TFC-1 (1/0.05), and TFC -1
(4/0.2)). For the membranes prepared with higher CNT coating
amounts, slightly lower cross-linking degrees were observed but the
surface zeta potential of the membranes were all observed to be positive.
These results demonstrate well the positive correlation between cross-
linking degree and surface charge property on condition of a CNT-
regulated IP reaction which has been investigated and elucidated in
our earlier work [35]. To be specific, the CNT coating on the PK mem-
brane substrate facilitated the MPD monomer release due to the hy-
drophobic nature of CNT and the smaller pore size of CNT network. The
pristine PK substrate, endowed with large surface porosity and excellent
hydrophilicity, allows easy penetration of MPD, leading to a high MPD
storage capacity; however, the interaction between the PK and MPD
retards the release of MPD to react with TMC [55]. On the other hand,
the presence of the hydrophobic CNT intermediate layer results in a
reduced but sufficient MPD supply and an increased MPD release rate.
The heightened MPD release rate could allow more interaction between
MPD and TMC, resulting in higher cross-linking degree and less presence
of hydrolyzable carboxyl groups, effectively lowering the negative sur-
face charge of the membrane.

Earlier studies, which involved amine grafting on top of TFC mem-
branes and secondary IP, attributed the generally less negative charges
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of TFC membranes to the consumption of the carboxyl (COO—) groups
during the reaction with amine groups that occurred during the grafting
and successive IP processes [23,41,42]. However, in the case of this
work, no further modification was conducted on the PA layer, except for
the intercalation of CNT intermediate layer, which introduces a novel
way to tailor the surface charge of TFC membranes.

3.4. Reverse osmosis performance of CNT-ITFN membrane

The performance of the pristine and the CNT-ITFN membranes were
tested in RO process. Fig. 4 shows the pure water permeability (A) and
NaCl rejection of the TFC membranes. All the CNT-ITFN membranes
exhibited increased water permeability, in comparison with the pristine
TFC membrane (TFC-0). The TFC-0 membrane demonstrated pure water
permeability of 1.31 L m~2h~!/bar, and as an effect of the intercalation
of CNT intermediate layer, the A value became 1.60 (TFC-0.5), 2.43
(TFC-1), 1.56 (TFC-3) L m~2 h~!/bar without NaCl rejection loss
(Fig. 4a). The increase in permeability is mainly attributed to the role of
the CNT intermediate layer as a gutter layer, which shortens the trans-
port distance within the PA selective layer. Specifically, water molecules
can transport along the porous CNT network once they pass through the
PA layer in a vertical path. This effectively shortens the transport dis-
tance within the low-permeable PA layer. In contrast, for the TFC
membrane without CNT intermediate layer (TFC-0), water molecules
must transport transversely inside the PA until they reach the pore
domain of the substrate, leading to lower permeance. Moreover, a
suitable CNT intermediate layer provides a favorable platform for PA
generation, effectively reducing the growth of PA into the macropores of
the substate [39,40]. Less PA intrusion means less transport resistance,
which is beneficial for high permeance. However, the higher CNT
coating thickness of TFC-3 membrane also resulted in increased trans-
port resistance, which retarded water permeability [37]. Additionally,
the CNT-ITFN membranes have a rougher PA surface with higher
apparent thickness, ensuring a larger area for transport and thereby
improving permeability [56]. It is worth noting that this permeability
improvement is the result of multiple factors, requiring an appropriate
amount of CNT coating to maximize this enhancement, as seen with
TFC-1 in this case. Too little or too much CNT coating can compromise
one of the benefits, resulting in less impressive results. For example, too
little CNT coating may not effectively prevent the growth of PA inside
the substrate, leading to a lesser extent of reduced transport resistance.

An application of neutral- or positively-charged membranes is their
ability to retain and concentrate NHJZ in solution [23,41]. It was pre-
viously established that, for NHj rejection and concentration, the sur-
face charge and cross-linking degree of the membrane could play a
crucial role. Specifically, a neutral- or positively-charged TFC membrane
with less unreacted carboxyl groups can be more effective at rejecting
NHj compared to the conventionally negatively charged pristine TFC
membrane [23]. Thus, the NHj rejection performance of TFC
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membranes was evaluated by using 400 mg L~ NHZ from NH,4Cl as feed
solution, and results were shown in Fig. 4b. The NHJ rejection increased
from 90.7 % for TFC-0 to 95.2 % for TFC-1 and 96.0 % for TFC-3, with
TFC-1 having the highest permeance. The increased NHJ rejection can
be attributed to the higher degree of cross-linking and the neutral sur-
face property of TEC-1. Normally, NH4 shares a similar hydraulic radius
with water molecules [57]. An increased degree of cross-linking helps
the TFC-1 membrane discriminate between these two, further enhancing
NHJ removal. Additionally, electrostatic interactions exist between the
membrane surface and NH7. A negatively charged membrane surface
tends to have more interactions with NH, leading to a compromised
NH} rejection [41,58,59]. Considering this, the TFC-1 membrane in this
work exhibits not only the highest degree of cross-linking but also a
neutral surface property, which reduces electrostatic interactions. These
two benefits together ensure enhanced NHj rejection compared with the
negatively charged TFC-0 and TFC-0.5 membranes. For the neutral
TFC-3 membrane, the reduced electrostatic interaction was more
dominant, allowing it to maintain high NH{ rejection despite a slightly
decreased cross-linking degree.

Regulation of the membrane surface charge has also been found as a
useful method to improve the fouling resistance of membranes [22].
Previously, development of fouling-resistant membranes mainly focused
on the surface hydrophilization [60-63]; however, fouling is also
regulated by other factors aside from the membrane surface hydrophi-
licity, such as surface charge and roughness. Generally, higher hydro-
philicity and lower surface roughness are favorable for fouling
resistance due to the thicker hydration layer formed on the surface and
the easier removal of foulants from the surface [64-67]. However, in this
work, all CNT-ITFN membranes have rougher and more hydrophobic
surface features than the pristine TFC-0 membrane due to the enhanced
IP reaction brought about by the CNT intermediate layer (Fig. 1 and
Table S2). In this case, it is more reasonable to discuss the antifouling
performance from the perspective of charge effect. Moreover, to provide
a clear evaluation of the antifouling performance, the fouling propensity
of the TFC membranes prepared in this work was tested in both static
adsorption and dynamic filtration methods.

Considering that the surface of TFC membrane is initially negatively
charged, lysozyme (LYZ), a positively charged model protein foulant,
was first used to demonstrate the fouling resistance of the TFC mem-
branes in a static adsorption test. Fig. 5a.1-3 show the confocal laser
scanning microscope (CLSM) images of the TFC-0, TFC-0.5, and TFC-1
membrane, respectively, after immersion in a phosphate buffered sa-
line (PBS) solution (pH 7.4) containing 20 mg L~! fluorescent LYZ (FTIC
LYZ). At pH 7.4, LYZ is positively charged, thus it was somehow ex-
pected that the pristine TFC-0 membrane suffered from the highest
attachment of the fluorescent protein, compared with TFC-0.5 and TFC-
1. The lower FTIC LYZ attachment on both TFC-0.5 (0.56 a.u.) and TFC-1
(0.30 a.u.) compared to TFC-0 (4.98 a.u.) could be attributed to the less
negative membrane surface charge (Fig. 5c), resulting in weaker
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Fig. 4. Reverse osmosis filtration performance of TFC membranes. (a) Pure water permeability (A) and NaCl rejection (Ryac)) determined using deionized water and
2000 mg L1 NaCl as feed solutions, respectively; (b) Permeance and NHJ rejection (Rnp44) determined using 400 mg L~! NHJ from NH,4CI as feed solution.
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electrostatic attraction between the membrane surface and the posi-
tively charged protein. Similar static adsorption behavior was observed
for E. coli. Fig. 5b.1-3 show the CLSM images of the membranes after
incubation in E. coli, and the corresponding fluorescent intensity values
are shown in Fig. 5c. Due to the negative charge of the pristine TFC
membrane, there was electrostatic repulsion with the bacteria, resulting
in very low bacterial attachment (0.15 a.u.). Similarly, the less negative
TFC-0.5 (0.26 a.u.) and the neutral charged TFC-1 membranes (0.13 a.
u.) hardly showed any bacterial adhesion. The surface charge of the TFC-
1 membrane is close to zero, thus there was no electrostatic attraction
between the membrane and the charge-bearing E. coli.

From the above results, it is evident that the neutral TFC-1 mem-
brane exhibits better anti-adsorption performance against both posi-
tively charged protein and negatively charged bacteria. This is mainly
attributed to its neutral surface property, which weakens the electro-
static effect [67]. Certainly, surface hydrophilicity and surface rough-
ness are also important factors influencing the adsorption behavior
through hydrophobic interactions and interlocking structures [68].
However, the relatively minor differences in hydrophilicity among all
TFC membranes and the increased surface roughness for CNT-ITFN
membranes suggest that the charge effect predominates in
anti-adsorption performance.

Dynamic fouling filtrations were performed in this study by using
two positive-charged organic model foulants, LYZ and surfactant cetyl-
trimethylammonium bromide (CTAB), to provide confirmation of the
fouling control of neutral TFC membranes. The data shown in Fig. 6a
and b corresponds to the filtration results using feed solutions contain-
ing 200 mg L1 of LYZ and CTAB, respectively. In Fig. 6a, there was no
discernible difference in the filtration performances of TFC-0 and TFC-1
membrane. Both membranes experienced flux decline of around 20 %
until the end of the operation. This was different from the results of the
static protein foulant adsorption results discussed earlier (Fig. 5a). This
could be attributed to the increased surface roughness of TFC-1
(Table S2). Unlike static absorption, in dynamic fouling tests, surface
roughness significantly affects foulant deposition by creating inter-
locking structures. Foulants can easily become trapped in the micro-
nanostructures on the membrane surface and are difficult to detach
under hydraulic forces, leading to extensive foulants deposition [69]. It
is precisely because of the effect of roughness on dynamic fouling that
the advantage of TFC-1’s neutral property in antifouling was
diminished.

Another commonly used organic model foulant, the positively
charged surfactant CTAB, was used to further evaluate the antifouling
performance of TFC membranes. The dynamic filtration results over two
filtration cycles are shown in Fig. 6b. Unlike the LYZ fouling profile, the
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Fig. 6. Dynamic filtration results of TFC-0 and TFC-1 membrane using model
foulants (a) LYZ and (b) CTAB. 200 mg L~" model foulants in 2000 mg L~* NaCl
were used as the feed solutions. (Complete filtration protocol was provided in
the Supporting Information.)

distinct flux pattern induced by CTAB showed a faster flux decline
compared to LYZ. This severe fouling pattern from the positively
charged surfactant is consistent with previous findings [70,71]. Due to
the small molecular weight of CTAB (364.5 g/mol), a higher number of
CTAB molecules approach the membrane surface compared to LYZ,
especially at an identical concentration of 200 mg L™}, resulting in
overall more severe fouling by CTAB than LYZ. In the first fouling cycle,
the TFC-1 membrane showed better antifouling performance than
TFC-0, evidenced by a lower flux decline (30 % of initial flux remaining
for TFC-1 compared to 20 % of TFC-0). After replacing the CTAB feed
solution with NaCl solution, the flux of the TFC-1 membrane recovered
to 80 % of its initial value, while TFC-0 only recovered to 60 %. Similar
performance was observed during the second filtration cycle (Fig. 6b).
The lower flux decline and higher flux recovery demonstrate that the
neutral TFC-1 membrane exhibits better antifouling properties than
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Fig. 5. CLSM images of TFC membranes after incubation in (a) FTIC LYZ and (b) E. coli; (c) Fluorescent intensity values calculated using ImageJ software. Legend: (1)
Pristine TFC-0 membrane, (2 and 3) CNT-ITFN membranes prepared with PK-CNT substrates coated with 0.5 and 1 mL of CNT dispersion.
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TFC-0. For the negatively charged TFC-0 membrane, strong attractive
electrostatic interactions with positively charged molecules like CTAB
lead to severe flux decline [72]. In contrast, TFC-1’s neutral surface
property reduces these electrostatic interactions [72], resulting in
reduced flux decline. Moreover, weaker electrostatic attraction also fa-
cilitates foulant detachment during cleaning, contributing to higher flux
recovery for TFC-1.

It is noteworthy that the difference in antifouling properties between
the two membranes is not significant, whether for proteins or surfac-
tants. This might be attributed to the increased surface roughness of
TFC-1, which is not an ideal feature for resisting foulant attachment and
somewhat offsets the benefits of a neutral surface, as discussed earlier.
Nonetheless, this study highlights a promising approach to adjust the
surface charge of TFC membranes using CNT intermediate layer to
potentially enhance antifouling properties, provided that good hydro-
philicity and low surface roughness are maintained.

3.5. Comparison with other methods for surface charge tailoring

Comparing different methods for regulating surface charge in terms
of membrane antifouling performance is challenging due to the strong
dependence of membrane fouling on various conditions such as ion
species and concentration, filtration operating time, and cleaning
methods for flux recovery measurements (Table S4). We have summa-
rized a table listing several representative charge tailoring methods
along with their membrane performances in NHj rejection and anti-
fouling performance in Table S4. It is evident that our neutral CNT-ITFN
membrane (TFC-1) did not dominate in terms of fouling resistance
compared to reported works. The variability in fouling conditions across
studies, even with the same foulant, complicates the assessment of the
modification method effectiveness based solely on fouling data. One
contributing factor to the less remarkable results is the high roughness
and hydrophobicity of TFC-1, which compromise the benefits of its
neutral charge property on antifouling, as discussed earlier. This resul-
ted in minimal differences compared to the pristine membrane sample
(TFC-0). However, setting fouling data aside, our membrane maintains
an advantage in maintaining a neutral charge across a wider pH range,
unlike other membranes that only exhibited zero charge under specific
pH conditions. This property is crucial as the pH of feed solution can
influence the isoelectric point of foulants, especially proteins [73].
Regarding NHJ rejection, our membrane demonstrates comparable
performance in NHJ rejection and water permeance to commercial
seawater RO membranes, which are highly dense. Additionally, our
membrane shows antifouling properties due to its neutral surface
characteristics, whereas commercial RO membranes are susceptible to
fouling during filtration.

Among the charge regulation methods listed in Table S4, surface
modification is the most used approach. This method involves grafting
neutral molecules onto the surface or introducing chemical groups with
opposite charges to neutralize the original charge on the surface. For
TFC membranes, the unreacted acyl chloride groups or carboxyl groups
hydrolyzed from acyl chloride usually serve as grafting anchors [74].
This method offers the advantage of affecting other properties such as
hydrophilicity to achieve a synergistic effect on fouling resistance and
separation. However, this strategy requires modification after the IP
reaction, and the chemical treatment could potentially damage the PA
layer, compromising salt rejection. Moreover, achieving zero charge
over a wider pH range may be challenging with this method, limiting its
applicability in diverse solvent environments. In contrast, our strategy
involves regulating the surface charge of the PA selective layer simply by
intercalating a CNT intermediate layer before the IP reaction. This
approach maintains a neutral surface property across a wider pH range,
which is a distinct advantage that other methods may not achieve.
Nevertheless, other membrane properties must always be considered for
specific applications, such as fouling mitigation, as demonstrated in this
study. Overall, this work introduces an effective method for tailoring the
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surface charge of PA selective layers of TFC membrane, providing novel
insights for researchers involved in membrane surface engineering.
While the reduction of PA membrane surface negative charge following
CNT intermediate layer intercalation via inkjet printing prior to the IP
reaction of piperazine and TMC has earlier been observed [75], the
mechanism behind the phenomenon was not fully elucidated and the
implications of the surface charge regulation were not investigated.
Following the findings resulting from this work, future research in this
area should focus on deepening the understanding of the mechanisms
and applications of the neutral CNT-ITFN membrane, including applying
the CNT intermediate layer to TFC membranes with originally low
surface roughness and good hydrophilicity.

4. Conclusion

In this work, CNTs were coated on the top of PK membrane substrates
prior to PA selective layer formation via IP reaction. The presence of
CNT intermediate layer brought about changes in PA morphology and
chemical structure. Lower CNT coating amounts facilitated the large
leaf-like structure formation of PA by increasing the MPD release rate
during IP. Excessive CNT loading could weaken this facilitation as a
drawback of PA structure was observed. The 2D GIWAXS measurement
was firstly used to characterize the composite structure of PA layer. The
CNT scaffolds were confirmed aid in the rearrangement of the PA chains
with a controlled heterogeneity to have a larger d-spacing. The chemical
composition analysis confirmed an increased cross-linking degree of PA
upon increasing the CNT loading, until at a maximum value obtained for
TFC-1. Interestingly, a positive correlation was drawn between the
cross-linking degree and the membrane surface charge, with TFC-1
having a neutral property regardless of the IP concentration. This
CNT-dependent regulation offers a novel way to regulate the surface
charge of TFC membrane.

In the performance, due to the gutter layer effect of CNT and large
filtration of PA and its neutral surface property, the TFC-1 membrane
exhibited enhanced desalination and NHZ rejecting performance in RO
process. The static adhesion and dynamic filtration measurements
showed that the TFC-1 membrane had less attachment of model foulants
LYZ and E. coli, and exhibited lower flux decline ratio and higher flux
recover ratio during the dynamic filtration tests. The better antifouling
performances of TFC-1 demonstrated the advantage of neutral surface
property in reducing electrostatic attractions between foulants and
surfaces. However, this benefit can be offset by the other surface prop-
erties such as hydrophilicity and roughness, as less significant differ-
ences were observed from the antifouling results.
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