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Abstract

Biofouling is a critical issue in membrane-based water-treatment processes because the feed
solution retains microorganisms despite rigorous pretreatment. The forward osmosis (FO)
process has a drawback of severe biofouling tendency when the active layer faces the draw
solution. Here, we fabricated a thin-film nanocomposite membrane with a multilayer structure
consisting of an MXene/carbon nanotubes (MXene/CNT) interlayer and a CNT back layer
(TFNi-CNT). The interlayer structure significantly enhanced the membrane separation
performance whereas the CNT back layer did not significantly hamper the performance. The
biofilm formed on the CNT back layer surface was reduced by approximately 90% compared
to that on the pristine substrate, indicating that the CNT back layer has superior antibiofilm
properties. The water flux of the TFNi-CNT membrane was well-maintained (approximately
46%) and reversibly recovered through facile physical flushing, even after four dynamic
biofouling cycles, whereas that of the pristine membrane was reduced to approximately 10%.
These results indicated that the TFNi-CNT membrane possesses excellent resistance to
biofouling. The CNT layer acts as a barrier that effectively prevents bacteria from entering the
inner porous substrate, thus alleviating the detrimental biofilm-enhanced internal concentration
polarization. This study provides new insights into the rational design and fabrication of FO

membranes to mitigate biofouling.

Keywords: forward osmosis, membrane biofouling, interlayer, MXene, carbon nanotubes
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1. Introduction

Population growth and industrialization have accelerated the demand for and dependence on
clean water and green energy [1, 2]. Adopting membrane-based technologies can enable
advanced wastewater treatment, potable water reuse, and energy recovery [2-4]. The forward
osmosis (FO) membrane process, which relies on the osmotic pressure gradient, offers some
advantages (e.g., low energy consumption [5, 6] and fouling tendency [7, 8]) compared to
conventional pressure-based membrane processes, such as reverse osmosis (RO) and
nanofiltration. To date, FO processes have been widely and intensively studied for diverse
environmental applications, such as feed solution (FS) (e.g., municipal wastewater [9, 10] and
fruit juice [11, 12]) dewatering, draw solution (DS) (e.qg., fertilizer [13, 14] and RO brine [15,
16]) dilution, and other hybrid membrane processes (e.g., osmotic membrane bioreactors [17,
18] FO membrane distillation [19, 20]).

Previous studies [8, 21-23] reported that two types of membrane orientations could be
adopted for practical FO applications, the active layer-facing feed solution (AL-FS) mode and
the active layer-facing draw solution (AL-DS) mode. In the AL-FS mode, the water flux is
much lower than that in the AL-DS mode because of more severe internal concentration
polarization (ICP) [22, 24]. There are two approaches to reduce the adverse effects of ICP, i.e.,
the FO membrane orientation can be switched to the AL-DS mode, and the porous support
layer (or substrate) encountered with the FS, or, the support layer of the FO membrane can be
optimized to decrease the structural parameter (S) value, such as by adapting microfiltration
(MF) membranes instead of ultrafiltration membranes because the former is more porous and

less torturous [25-27].
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However, the above-mentioned AL-DS mode has a risk of causing severe fouling potential.
This is because the pore sizes at the backside of the support layer are relatively large, ranging
from hundred nanometers to several micrometers [28-30]. As a result, the foulants in the FS
are easily carried into the porous support layer, thereby increasing the fouling propensity of the
AL-DS mode. Compared to organic or inorganic fouling, biofouling is more intractable
because microbes can survive even after rigorous pretreatment [9, 31, 32]. The microorganisms
eventually penetrate the internal pores, cause pore clogging, and form a biofilm, thus inducing
more severe ICP and irreversibly reducing the water flux [33]. Additionally, the MF substrate
is prone to defects because large pores may not be sufficient to support the polyamide layer
[26]. Further, the polyamides can also penetrate the substrate, thereby decreasing the water flux.
Therefore, the rational design and development of a novel support layer with excellent fouling
resistance and support strength are crucial for taking full advantage of the higher water flux of
the AL-DS mode.

Many strategies (e.g., polymer coating [34], grafting [35], or in situ growth of nanoparticles
[36]) have been proposed to regulate the properties of the support layer to improve fouling
resistance (e.g., reduce protein adsorption or bacterial adhesion). Although these approaches
can achieve a coating layer along the pore walls, these cannot fully cover the overall surface or
shield the large pores of the substrate. FO membranes with a double-skinned layer [29] or an
external dense layer [28] on the backside of the substrate have been developed to prevent
trapping of foulants in the pores of the substrate. Recently, Deng et al. [37] developed a
sandwich-like support layer that exhibited improved separation performance and reduced

bovine serum albumin (BSA) adsorption. However, these strategies mainly focus on reducing
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organic fouling, and their anti-biofouling abilities have rarely been investigated. In particular,
using an MF membrane as the support layer, simultaneously utilizing the advantages of fewer
ICP effects (i.e., a small S value), and realizing long-term anti-biofouling performance, is still
a critical challenge.

In this study, we report the fabrication of a thin-film nanocomposite (TFN) membrane,
consisting of an MXene/carbon nanotubes (MXene/CNT) interlayer and a CNT back layer
(TFNi-CNT membrane), to improve membrane separation performance (e.g., water flux and
specific salt flux) as well as biofouling resistance. We expected that the highly porous and
interconnected CNT would defend against bacterial adhesion and invasion as well as reduce
the negative effects on the membrane itself. The TFNi-CNT membrane was fabricated by
depositing a single CNT layer on the bottom of the MF substrate and a CNT-intercalated
MXene interlayer on the front of the MF substrate, followed by an interfacial polymerization
reaction to form a polyamide rejection layer. The membrane surface morphologies prior to and
post interfacial polymerization were systematically characterized. The effect of the CNT
barrier layer on membrane separation performance was investigated using a lab-scale FO
device. Dynamic fouling experiments were comprehensively performed using a model
bacterium to evaluate the long-term antibiofilm and anti-biofouling properties of the TFNi-
CNT membrane. The mechanisms underlying their enhanced separation and antifouling
performances are discussed. This study provides novel insights into the properties of CNT

barrier layers for biofouling mitigation in FO process.

2. Materials and Methods
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2.1. Materials and chemicals

Polyethersulfone (PES) MF membrane (pore size: 0.22 um) was purchased from Yibo Co.
Ltd. (Zhejiang, China). TisAIC2 MAX phase (400 mesh) was provided by Xinxi Technology
Co. Ltd. (Foshan, China). Single-walled CNT (diameter: approximately 1.5 nm; length: 1-5
um) was purchased from NanoLab Inc. (Waltman, MA, USA). Lithium fluoride (LiF) and
hydrochloric acid (HCI) were used to synthesize the TizCoTx MXene phase. Dopamine
hydrochloride, tris (hydroxymethyl) aminomethane (Tris), and sodium dodecylbenzene
sulfonate (SDBS) were used to modify the MXene and CNT. m-Phenylenediamine (MPD,
99%), 1,3,5-benzenetricarbonyl trichloride (TMC, 98%), and n-hexane (> 95%) were
purchased from Sigma-Aldrich to perform interfacial polymerization reaction. Deionized (DI)
water (Human Power I*, Korea) was used to prepare the solutions. To compare the membrane
performances, two commercially available membranes, namely Toray TFC membranes (Toray
Chemical Korea Inc., Seoul, Korea) and HTI TFC membranes (HTI, Albany, OR, USA) were

used (details refer to Table S1).

2.2. Modification of the PES MF substrate

Prior to the modification of the PES substrate, the polydopamine (PDA)-modified MXene
(PDA/MXene) and polydopamine-modified CNT (PDA/CNT) solutions were firstly prepared.
The TisC2Tx MXene was obtained by exfoliating the MAX using the minimally intensive layer
delamination method according to previous studies [38]. Briefly, 1 g TizAlC, was slowly added
to a mixture of 1.56 g LiF and 20 mL 9M HCI which was then reacted for 24 h at 30 °C. The

6
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slurry was then decanted into two 50 mL centrifuge tubes and centrifuged (7—8 times) at 5000
rpm for 5 min. Centrifugation was continued until the precipitate appeared viscous and the
upper suspension turned black. The upper suspension was discharged and then the precipitate
was redispersed in 50 mL DI water and sonicated with a nitrogen gas flow for 90 min at 4 °C.
Finally, the suspension was centrifuged at 3500 rpm for 30 min to obtain the MXene colloidal
solution. The synthesized MXene colloidal solution was diluted to approximately 25 ug/L. The
detailed modification methodologies for PDA/MXene and PDA/CNT were in accordance with
previous studies [9, 39].

The PDA/CNT-modified substrate was prepared by filtering various volumes
(corresponding to loadings of 4, 8, 12, and 16 pg/cm?) of PDA/CNT solution on the backside
of the PES MF membrane (Figure 1). The modified substrates were then dried in an oven at
60 °C for 10 min. Similarly, the interlayers (mixture of PDA/MXene and PDA/CNT) were
vacuum-filtered on the front side of the CNT-modified substrates. The interlayer loading was
predetermined to 24 pug/cm? because the membrane separation performance is optimal at this

condition [9].

2.3. Fabrication of the TENi-CNT FO membranes

An active polyamide layer was created on the front surfaces of the different substrates
(pristine  MF, interlayer-coated MF, and multi-layer-coated MF) via an interfacial
polymerization reaction (Figure 1). Briefly, a 2 wt% MPD solution was poured onto the

substrate for 3 min, following which the excess solution was removed using a rubber roller. An
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0.1 wt% TMC solution (dissolved in hexane) was then immediately introduced onto the MPD-
permeant substrate for 1 min to initiate the interfacial polymerization reaction. The active
polyamide layer thus created was then rinsed with hexane to remove residual TMC. Finally,
the fabricated membranes were placed in an air-drying oven at 60 °C for 10 min to improve
the membrane integrity. The pristine membrane (without the interlayer and CNT back layer)
was labeled as the thin-film composite (TFC) membrane. The membrane with the MXene/CNT
interlayer was denoted as TFNi membrane. Membranes with identical MXene/CNT interlayers
and varying loadings of CNT back layers were named TFNi-n membranes, where n indicates

the loading (0, 4, 8, 12, or 16 ug/cm?) of CNT on the backside of the MF substrates.

() (b)

Pristine PES MF PDA/CNT
filtration
- On PES MF back side

- Loading: 0, 4, 8, 12, 16 pg/cm?
- Vacuum pressure: 0.2 bar D D D D D

e TFNi-CNT membranes
Interfacial MXene/CNT

polymerization filtration
- On MXene/CNT interlayer - On PES MF front side
- 2 wt% MPD, 3 min - Loading: 24 pg/cm?
- 0.1 wt% TMC, 1min < - Vacuum pressure: 0.2 bar
%]jjj:[ @ Polyamide layer ™ (™ PES substrate
=53 Mxene/CNT interlayer ~======<= CNT back layer
Figure 1. lllustration of the membrane fabrication processes. (a) TFNi-CNT membranes were fabricated

by incorporating a CNT back layer and an MXene/CNT interlayer, followed by an interfacial polymerization
reaction. (b) lllustration of the structure of obtained TFC and TFNi-CNT membranes.

TFC membrane

2.4. Membrane characterization

The surface morphologies of the front and back layers of the fabricated membranes, prior to
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and post-coating, were observed using field-emission scanning electron microscopy (FE-SEM,;
Quanta 250 FEG, FEI, USA). The surface roughness of the membranes was evaluated by
atomic force microscopy (AFM, NanoWizard Il, JPK Instruments) with a scanning area of 5 x
5 um. Mean roughness (Ra) was determined using the Gwyddion software. The hydrophilicity
of the membrane polyamide- and CNT-coated layers were characterized by using a contact
angle meter (Attension Theta, Biolin Scientific, Sweden). Membrane surface charge properties
were determined using a streaming potential analyzer (SurPASS, Anton Paar, Austria).
Membrane surface functional groups of the active polyamide layers were analyzed by using
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR; Cary 630,
Agilent, USA). X-ray photoelectron spectroscopy (Thermo Scientific K-Alpha, Thermo Fisher
Scientific, UK) was used to measure the elemental composition and then calculate the degree

of crosslinking based on our previous study [9].

2.5. Evaluation of performances of the FO membrane

The separation performances of the fabricated TFC and TFNi-CNT membranes were
measured by using a laboratory-scale FO setup [30]. Specifically, the membrane module, which
had an effective filtration area of 9.3 cm? was equipped with two diamond spacers in
symmetric channels (depth: 2 mm). DI water and 1 M NaCl solution were used as the FS and
DS, respectively. A peristaltic pump (Longer Pump, China) was used to circulate the FS and
DS at a crossflow velocity of 13 cm/s. Membrane separation performance tests were conducted

in AL-FS and AL-DS modes.
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The water flux (Jw) was measured according to the changes in DS weight using a balance
scale (CUW4200; CAS, Korea). The reverse salt flux (Js) was measured based on the
conductivity variations of the FS and DS using an online probe (Mettler Toledo M300,
Switzerland). All the data were continuously logged using a programmable logic controller

system. The Jy and Js can be calculated based on the following equations:

Am

Jw= AnAtp (1)
A(Ce V)
Is = ﬁ 2

where Am is the mass of permeated water (kg) from FS to DS, A4,,, is the membrane filtration
area (m?), At is the interval time (h), p is the density of water (kg/L), and C, and V, are the

solute concentration (g/L) and FS volume (L), respectively.

2.6. Dynamic antibiofilm assay

Pseudomonas aeruginosa (PA14) was used as a model gram-negative bacterial strain for the
antibiofilm and anti-biofouling assays [40, 41]. Briefly, 10 mL of tryptic soy broth (TSB) was
inoculated with a single colony of PA14 and incubated with shaking (250 rpm) at 37 °C
overnight. Thereafter, late exponential stage PA14 cells were centrifuged at 8000 rpm for 5 min
at 4 °Cto discard the TSB medium and then washed twice with sterile synthetic wastewater (the
detailed compositions can be found in Table S2 of Supplementary material). The cells were
resuspended in 10 mL synthetic wastewater for subsequent tests.

The dynamic antibiofilm performances of the support layers of the TFC and TFNi-CNT

membranes were measured using a Drip Flow Biofilm Reactor® (DFR 110, Biosurface

10



208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

Technologies Corporation, USA) in accordance with previous studies [42, 43]. All equipment
for the anti-biofilm assay was sterilized at 121 °C for 15 min. Membrane coupons were
prepared and attached to the sterile glass slides. Membrane-attached glass slides were placed
in the four DFR channels. Subsequently, 15 mL of 3000 mg/L TSB solution and 1 mL of PA14
were added to each channel. After incubation for 6 h in batch mode at room temperature
(approximately 21-23 °C), fresh TSB solution was pumped in a continuous manner into each
channel at a flow rate of 50 mL/h using a Masterflex peristaltic pump (Cole-Parmer, Vernon
Hills, IL, USA). The reactor was operated for 24 h, and the biofilms formed on the membrane
coupons were evaluated using confocal laser scanning microscopy (CLSM, LSM700, Carl

Zeiss, Germany) [23, 30].

2.7. Evaluation of anti-biofouling performance

The fabricated TFC and TFNi-12 membranes were selected to estimate the anti-biofouling
performance. The biofouling procedures have been detailed in our previous study [30]. Briefly,
the PA14 mentioned above was used as the model bacteria. The bacterial concentration was
approximately 6.5 x 10° CFU/mL. To eliminate the impact of flux on the bacterial
accumulation on the membrane surface or within the pores, the initial flux of TFC and TFNi-
12 membranes were purposely kept similar (i.e., 25 LMH) by using different concentrations of
NaCl as the DS. The biofouling tests were performed continuously for three days, with one
physical flushing every 24 hours. The FS and DS were replaced daily. After the termination of

the biofouling tests, the membrane coupons were autopsied for CLSM [23] and FE-SEM
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analysis.

3. Results and discussion

3.1. Characterization of the CNT-coated substrate

Figure 2 shows the surface morphologies of the backsides of the substrates with and without
CNT coating. The pristine PES MF substrate had a relatively large mean pore size
(approximately 230 nm, Figure S1) and surface porosity (~ 10.6%) on the backside. With
increasing CNT loading on the backside surface, the CNT network gradually covered the pores.
The surface pore sizes were dramatically decreased to ~ 10-35 nm as well as the surface
porosities were decreased to ~ 2-5% (Figure S1). When the CNT loading was higher than 8
ng/cm?, the CNT network covered the surface pores completely without affecting their internal
structure (Figure S2). The outline of the macropores could be easily discerned from the SEM
images, which indicated that the CNT layer was ultrathin. This ultrathin and uniform coating
of CNT was expected to create a barrier that prevented microorganisms from penetrating the
pores. It is interesting to note that overall pore size exhibited a gradual reduction (i.e., range
from ~ 335 nm to ~ 148 nm), while the overall porosity can be well maintained at a certain
level (i.e., ~ 73%) (Figure S1). These results indicated that the CNT coating can affect the PES
surface characteristics rather than the inside pore structure.

To evaluate the effect of CNT back layer on water transport, the hydraulic resistances of the
different layers were further determined based on the resistance-in-series model (Table S3).

Although the hydraulic resistance of the CNT back layer was two times higher than the pristine

12
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PES substrate, its absolute value was still much lower (i.e., nearly four orders of magnitude
less) than that of the dense polyamide layer. Additionally, the CNTs were modified with
hydrophilic PDA, which has been adopted in previous studies to increase the compatibility,
adhesion, and stability between CNT and the substrate [25, 44]. Owing to the electrostatic
interaction, hydrogen bonding, coordination, and/or covalent reactions [45], the PDA-modified
CNT can robustly adhere to the substrate even after continuous physical flushing under
relatively high cross-flow velocity (refer to Figures S4, S5 and S6). The CNT-coated PES
substrate has a lower water contact angle (approximately 55.1 + 2.3 °C, Figure 4d). Generally,
a more hydrophilic membrane surface has higher surface energy and can facilitate water flow
across the membrane [46]. The hydrophilic surface is also beneficial to mitigate the interaction
of foulants with membranes, such as humid acid or protein deposition or adhesion on the
membrane surface [37, 47]. Therefore, we speculate that the CNT-coated substrate can alleviate

the fouling propensity without compromising membrane separation performance.

Pristine PES

PES-CNT-0 PES-CNT-4
; .lb.. 3@ vy ¥ ; ‘

Figure 2. Surface morphologies of the backside of the polyethersulfone (PES) microfiltration
substrates coated by carbon nanotubes (CNT) at different loadings. The suffixal numbers 0, 4, 8, 12,
and 16 refer to the CNT loading amount (ug/cm?) on the back side of the PES substrate.
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3.2. Characterization of the TENi-CNT FO membranes

After the CNT were coated onto the backside of the PES MF substrates, a mixture of
PDA/MXene and PDA/CNT was similarly deposited on the substrate's upper side as an
interlayer (Figure S3). Based on the results of SEM images and FTIR spectra, the deposition
of interlayer exhibited insignificant influences on the microscopic structure (e.g., the surface
porosity and morphology) of the CNT back layer. We speculated that the PDA modification of
CNT and the experimental conditions (e.g., post-treatment of heating, low vacuum pressure,
etc.) for preparing the CNT back layer and interlayer may mutually enhance the stability of the
CNT back layer.

A polyamide rejection layer was then fabricated via interfacial polymerization (Figure 1).
The ATR-FTIR spectra (Figure 4a) revealed that the polyamide was successfully formed on
the surface of the pristine as well as interlayered PES MF substrates. Notably, the polyamide
of the TFC membrane appeared relatively flat, with fewer small nodules, even those formed in
the internal pores (Figure 3a). In contrast, the TFNi-CNT membranes exhibited typical
characteristics of the polyamide rejection layer featuring more abundant “ridge-and-valley”
morphologies, which could also be evidenced by their larger surface roughness (Figure 3b and
Table S4). This significant difference can be attributed to the incorporation of an interlayer.
Previous studies [48] have revealed that the interlayer can play versatile roles in facilitating
polyamide layer formation. On the one hand, the interlayer can improve monomer adsorption
and thus be beneficial in forming a better-quality active polyamide layer. On the other hand, it
can provide a new interface, which not only prevents the polyamide from invading the large

14
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pores of substrate (approximately 200 nm in this study) but also enhances nanobubble
generation during the interfacial polymerization reactions. These factors could have
contributed to the polyamide layers of all interlayered TFNi-CNT membranes showing a dual-
layer structure (i.e., a top exterior layer and a basal nodular layer [49]) in this study, with a
larger leaf size and a rougher surface (Figure 3b).

In addition, the interlayer structure can alter the physicochemical properties of the
subsequent polyamide layer. For instance, the surface zeta potential (Figure 4b) exhibited
significant differences between the TFC and the interlayered membranes (i.e., TFNi-CNT
membranes). The zeta potential of the TFC membrane gradually decreased from 12.6 mV to -
51.9 mV with the increase of pH values from approximately 3 to 10. It is interesting to note
that the TFNi-CNT membranes possess very narrow changes in the surface zeta potentials (e.g.,
nearly within the range from +4 mV to -5 mV), which were consistent with previous studies
[26, 39, 50]. Generally, the surface charge is associated with the residual carboxylic acid groups
of the polyamide after interfacial polymerization. Highly cross-linked polyamide exhibited a
lower number of carboxylic acid groups. Therefore, compared to the TFC membrane, the
polyamide layer of TFNi-CNT membranes with high cross-linking degrees (Figure 4c) was

less negatively charged due to the decreased deprotonation of carboxylic acid groups.
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TFC 38.8+3.7nm TFNi-4 76.4+2.6 nm 0.9 um

0.6

62.5+3.9nm

TFNi-16

Figure 3. Surface characteristics of the polyamide layer of the TFC and TFNi-CNT membranes. (a)
and (b) are the SEM and AFM images with different CNTs loadings on the back layer, respectively. The
suffixal numbers 0, 4, 8, 12, and 16 refer to the CNT loading amount (ug/cm?) on the back side of the PES
substrate. The arithmetic average roughness (Ra) values inserted in the AFM images were calculated from at
least three replicate measurements.

Additionally, the morphologies of the upper polyamide layer showed no noticeable changes,
even with an increase in the coating amount of the CNT back layer. As mentioned above, the
interlayer was identical for all TFNi-CNT membranes. Thus, we can speculate that the CNT
coating on the backside of the PES MF substrate has no significant influence on polyamide
layer formation. Other physicochemical properties, such as membrane surface zeta potential,
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cross-linking degree, and hydrophilicity, were also systematically determined (Figure 4).
Further proving that the CNT barrier layer with an appropriate loading (0—12 pg/cm?), has no
direct impact on the polyamide formation. These results could be predicted because the
interfacial polymerization reaction mainly occurred at the surface of the PES substrate or the
modified PES substrate (coated with the PDA/MXene/CNT interlayer), and the backside

properties of the PES substrate would have very little impact on the polyamide layer.
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Figure 4. Physicochemical properties of the polyamide layer and CNT-coated back layer of the TFC
and TFNi-CNT membranes. (a) ATR-FTIR spectra of the PES MF substrate and the polyamide surface.
(b) Zeta potential of the polyamide surface. (¢) The oxygen and nitrogen (O/N) ratio as well as the degree of
cross-linking of the polyamide surface. (d) The water contact angle of the polyamide layer and CNT-coated
back layer. The N.A. symbol means the contact angle cannot be measured (complete wetting) when the water
droplet contacts the membrane for 10 seconds. The suffixal numbers 0, 4, 8, 12, and 16 refer to the CNT
loading amount (pg/cm?) on the back side of the PES substrate. Error bars indicate that the tests were
performed at least in triplicate.
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3.3. Separation performance of the TFNi-CNT FO membranes

The resulting TFC and TFNi-CNT FO membranes were comprehensively evaluated in AL-
DS and AL-FS modes (Figure 5). Overall, the TFNi-CNT membranes with an interlayer
achieved a much higher water flux (43.5-56.6 LMH and 22.5-25.8 LMH in the AL-DS and
AL-FS mode, respectively) compared to the TFC membrane (13.1 LMH and 9.2 LMH in the
AL-DS and AL-FS mode, respectively). Moreover, compared with commercially available FO
membranes, the TFNi membranes exhibited superior or comparable performances in both
modes. Moreover, the specific salt fluxes of the TFNi-CNT membranes were lower than those
of the pristine TFC and HT1 FO membranes. These unprecedented enhancements in separation
performance can be attributed to the active roles played by the interlayer. First, the interlayer-
induced richer structure (exterior layer [49]) and rougher surface morphologies (leaf-like) of
the polyamide layer can provide more effective filtration areas for faster water transport.
Second, the interlayer can alter the water transport pathway through the polyamide layer with
minimum hydraulic resistance and then gather these to flow into the substrate, known as the
“gutter effect” [48].

Notably, the additional CNT back layer did not significantly affect the water flux due to its
hydraulic resistance only—accounting for a very small proportion of the total membrane
hydraulic resistance (Table S3). A previous model simulation demonstrated that a low rejection
layer as the external feed skin could minimize the overall hydraulic resistance and reduce
adverse ICP effects [51]. Generally, a loose back layer formed on the reverse side of the dense
top layer can provide additional selectivity for the solute and thus decrease the apparent salt
permeability, as demonstrated by previous experimental and modeling results [51, 52].
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356  However, in this study, the trend of specific salt flux gradually increased from 0.30 g/L and
357  0.35 g/L for the TFNi-0 membrane to 0.66 g/L and 0.63 g/L for the TFNi-16 membrane in two
358  different modes (Figure 5). The fabrication sequencing of the loose back layer and dense top
359 layer primarily governed these opposite results. For instance, the dense layer (polyamide) was
360 first formed on the top of the substrate, followed by a loose layer at the bottom of the substrate.
361  The loose back layer was deposited by surface coating, spraying, or other approaches which
362  did not affect the properties of the top layer. In contrast, the back layer that was first deposited
363  (i.e., the CNT back layer in this study) could have altered the substrate properties to some
364  extent, further changing the characteristics of the polyamide layer (e.g., roughness and degree

365  of cross-linking at higher CNT loadings, see Figure 3c, Table S4, and Figure 4c).
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367  Figure 5. Comparison of the separation performances (water flux, reverse salt flux, and specific salt
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flux) of the control TFC and TFNi membranes with other commercially available FO membranes. (a)
Active layer-facing draw solution (AL-DS) mode and (b) active layer-facing feed solution (AL-FS) mode.
The suffixal numbers 0, 4, 8, 12, and 16 refer to the CNT loading amount (ug/cm?) on the back side of the
PES substrate. DI water and a 1 M NaCl solution were used as the feed solution and draw solution,
respectively. Error bars indicate that the tests were performed at least in triplicate.

3.4. Antibiofilm performance of the TFNi-CNT membrane support layer

Prior to evaluating the biofouling resistance of the TFNi-CNT membranes, dynamic biofilm
formation tests were carried out to investigate the antibiofilm capacity of the CNT coating.
Generally, biofilm developed on the surface of the back layer decreased with the increase in
CNT loading (Figure 6a). The biofilm was almost invisible when the loading exceeded 8
ng/cm?. Furthermore, the characteristics of the biofilm structure on the back layer surface, such
as the biovolume and thickness were found to be dramatically reduced by approximately 80—
90% in the TFNi-CNT membranes (Figures 6b and 6c) as compared to the control TFC
membrane. These results demonstrated that the CNT-coated back layer possessed excellent
resistance to biofilm formation.

Notably, the ratio of dead to live cells decreased continuously from 0.98 to 0.30 with the
increase in CNT loading from 0 to 16 pg/cm?, which suggests that the surface of the CNT-
coated layer may not be involved in the direct inactivation of the microorganisms during the
formation of the biofilm. In this study, PDA, one of the most versatile coating materials with
many desirable properties (e.g., hydrophilicity and strong adhesion), was used to modify the
CNT. Although many studies have revealed that nanomaterials (e.g., AgNPs, CNT, and GO)
can effectively inactivate microorganisms via contact killing and thus reduce biofilm
development [36, 53-55], the planktonic bacteria in the FS would directly interact with PDA
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rather than the CNT. Therefore, we speculated that the anti-biofilm properties may not be
rendered by the CNT itself. Compared to the back layer of pristine PES, the CNT-coated back
layer exhibited much smaller surface pore size (i.e., ~ 10-35 nm) and porosity (i.e., ~ 2-5%)
(Figure S1), which may play a critical role in the reduction of biofilm formation due to the

bacteria cannot penetrate the smaller pores and thus reducing the probability of adhesion.
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Figure 6. Characteristics of the biofilm formed on the back surface of the TFC and TFNi-CNT
membranes. (2) CLSM images of the biofilm developed after a 24 h run of the drip-flow reactor. (b) Average
biovolume and (c) thickness of the biofilm formed on the backside surface of different membranes. The
suffixal numbers 0, 4, 8, 12, and 16 refer to the CNT loading amount (ug/cm?) on the back side of the PES
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substrate. Error bars represented the standard deviation of data based on at least three different CLSM images.

3.5. Anti-biofouling performance of the TFNi-CNT membranes

Based on the results of the antibiofilm test, TFC and TFNi-12 membranes were selected to
investigate their resistance to dynamic biofouling. Figure 7a shows the water flux reduction
trends for the TFC and TFNi-12 membranes during the four fouling cycles. The water fluxes
of the TFC and TFNi-12 membranes decreased during the first 20 h. After the first biofouling
event, the flux decreased to approximately 40% and 51% of the initial flux for the TFC and
TFNi-12 membranes, respectively. However, the water flux discrepancy between the TFC and
TFNi-12 membranes gradually increased with the number of biofouling cycles. The water flux
of the TFC membrane exhibited a dramatic decline (an almost 90% reduction) during the third
cycle of biofouling.

After 24 h of biofouling, the membranes were physically cleaned by elevating the crossflow
velocity for 30 min. Periodic physical cleaning is one of the most common and facile
approaches for alleviating membrane fouling [56]. The flux recovery ratio was calculated to
assess cleaning efficiency and fouling reversibility, as shown in Figure 7b. The water flux of
the TFC membrane recovered to 76%, 62%, and 19% of the initial flux after the first, second,
and third cycles of physical flushing, respectively. In contrast, the TFNi-12 membrane
exhibited superior biofouling resistance, as evidenced by the highly recovered flux
(approximately 76%, 69%, and 66% of the initial flux after the first, second, and third cleaning
cycles, respectively). Our results revealed that biofouling of the TFNi-12 membrane was

reversible, whereas the TFC membrane suffered from severe irreversible biofouling. Moreover,
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a membrane autopsy was performed to further analyze the biofilm that eventually formed on
the membrane surface. The SEM and CLSM images (Figure 8) show that abundant biomass
accumulated on the TFC membrane surface, whereas only scattered bacterial aggregation and
sparse biofilms (amounting to approximately 28% reduction) appeared on the TFNi-12
membrane surface. These results illustrate that the TFNi-CNT membrane can effectively

mitigate biofouling.
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Figure 7. The anti-biofouling performances of the TFC and TFNi-CNT membranes. (a) Water flux
decline trends of the TFC and TFNi-12 membranes as a function of operational time. (b) Flux recovery of
the two membranes after each physical flushing. Other experimental conditions included physical flushing
by doubling the crossflow velocity (to approximately 33.3 cm/s) thrice during the operation. The initial water
flux of the two membranes was adjusted to approximately 25 LMH by regulating the concentration of the
draw solution.
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Figure 8. Surface morphologies of the bio-fouled back layer of the TFC and TFNi-CNT membranes
after four cycles of biofouling. (a) and (b) is the plan and cross-sectional view of the fouled TFC membrane,
and (c) is the corresponding CLSM image. (d) and (e) is the plan and cross-sectional view of the fouled
TFNi-12 membrane, and (c) is the corresponding CLSM image.

3.6. Implications

As mentioned in Section 3.4, the TFC membrane without a CNT-coated back layer was more
prone to bacterial adherence and biofilm formation on the surface. For the back layer of TFC
membrane, it exhibited a relatively larger surface pore size (i.e., ~ 230 nm) and porosity (i.e.,
~ 10.6%) based on the SEM image analysis (Figure S1). Indeed, under the dynamic filtration
conditions in the AL-DS mode, in addition to adhering to the surface, the bacteria ineluctably
penetrate into the relatively large pores owing to the dragging force caused by the water flow
[28, 30, 33]. It is almost impossible to remove the biofilm once it forms in the internal structure,
even after backwashing [33]. In this case, both the detrimental effects of the biofilm-enhanced
ICP and the resistance caused by the biofilm itself led to a sharp decrease in the water flux
(Figure 7a). In contrast, CNT coating with denser structure (i.e., reduced surface pore size and

porosity, Figure S1) acted as a physical barrier, which not only mitigated bacterial deposition
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or adhesion but also effectively prevented bacteria from entering the substrate pores. Thus, the
biofilm could develop only on the external surface and was easily detached by increasing the
hydraulic shear force, such as flushing. Thus, the TFNi-12 membrane possessed superior anti-
biofouling properties (Figures 7a and 8).

Further observational approaches need to be applied to obtain more refined and quantitative
explanations. For instance, compared to the dense polyamide layer, the additional CNT back
layer may not significantly increase the hydraulic resistance, owing to the relatively low CNT
loading (2-16 pg/cm?), which can be quantitatively analyzed using the resistance-in-series
model to obtain an intuitive understanding [52, 57]. More advanced analyses, such as gquartz
crystal microbalance [58-60], and XDLVO theory [61, 62] could be used to further evaluate
the interface interaction between the CNT-coated back layer and microorganisms.

A previous study [37] reported similar results in which the back layer could effectively
reduce organic fouling (using BSA as a model foulant) owing to the improved hydrophilicity
as well as preventing foulants from entering the substrate. Indeed, some matter with lower
molecular weights may still pierce the defense barrier (e.g., the CNT-coating layer) and then
accumulate within the substrate. For biofouling, essential biofilm constituent substances, such
as extracellular polymeric substances, can significantly alter biofilm properties and further
influence the fate of biofouling. Once a biofilm forms on the membrane surface, it may also
act as a natural biological barrier to sieve or degrade other matter (e.g., ammonia [63] and

emerging contaminants [64]) more effectively.

4. Conclusions
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In this paper, we report the fabrication of a thin-film nanocomposite membrane with a
multilayer structure consisting of a MXene/CNT interlayer and a CNT back layer (TFNi-CNT).
The TFNI-CNT membrane with an interlayer structure exhibited excellent FO separation
performance (approximately 2.4-3.9 folds higher water flux) compared to the TFC membrane.
Notably, because of the relatively low loading amount, the CNT back layer did not significantly
affect the membrane separation performance. The results of the dynamic biofilm formation
assay confirmed that no obvious biofilms developed on the CNT-coated back surface of the
substrate because the CNT back layer mitigated bacterial adhesion. Benefiting from the CNT
barrier layer, the TFNi-CNT membranes possess excellent biofouling resistance to maintain
water flux. A large portion of the water flux was recovered via facile physical flushing, even
after several cycles of biofouling. This study provides a new perspective into the rational

membrane design and development to mitigate biofouling.
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