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Cellulose nanocrystals (CNCs), as an emerging low-cost, hydrophilic, bio-renewable
and environmentally friendly additive, have been widely applied in polymer
nanocomposites, biomedical and personal care products. Nanocomposites based on
CNCs are even more promising as the combination of functional materials can exhibit
multi-functions. In this work, we successfully prepared CNC/Silver (Ag)
nanocomposites and incorporated them into the active layer of thin film composite
nanofiltration membranes. The CNC/Ag nanofiltration membranes exhibited high
water flux, high salt rejections, and excellent anti-fouling, and antibacterial
performance simultaneously. Besides, CNC/Ag membranes can achieve a low Ag
releasing rate and long duration time with a small amount of total Ag loading, which
implies its low potential environmental risks and the potential for practical water
treatment.
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Abstract

The trade-off between membrane permeability and selectivity, as well as membrane fouling
including both physical and bio-fouling, are major challenges that limit the practical
application of nanofiltration (NF) membranes. In order to address these issues simultaneously,
multifunctional membranes with maximized water permeability/salt selectivity, as well as
enhanced antifouling and antibacterial properties are desired. In this work, we prepare a novel
multifunctional thin film nanocomposites (TFN) NF membrane by embedding cellulose
nanocrystal/silver (CNC/Ag) nanocomposites in the polyamide layer. The CNC/Ag TFN NF
membranes exhibit excellent properties by taking the advantage of both CNC, a highly
hydrophilic, low-cost, bio-renewable, and environmentally friendly nanomaterial, and Ag
nanoparticles, one of the most effective bactericidal materials. With the incorporation of only
0.01 wt% CNC/Ag nanocomposites, a high pure water permeability (25.4 L m?h! bar'!") and
a high rejection rate of Na,SOy4 (99.1 %) of CNC/Ag TFN NF membrane can be achieved,
respectively. Besides, the membrane also exhibits exceptional antifouling (flux recovery ratio
reaches 92.6 % for humic acid) and antibacterial performance (99.4 % reduction of
Escherichia coli viability). The Ag® leaching test also demonstrates good stability of Ag
nanoparticles in the active thin-film layer of the CNC/Ag NF membranes. These findings
have strong positive implications towards the development of next-generation high

performance NF membranes for water treatment.
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1. Introduction

Membrane filtration is an energy-efficient and relatively low-cost technology for water
treatment and desalination.!> 2 Nanofiltration (NF) is a pressure-driven separation process,
which has been widely used in seawater pretreatment, heavy metal removal, dye removal, and
oil-water separation in recent years.>> Currently, most of the commercially available NF
membranes are thin film composite (TFC) membranes consisted of an ultrathin polyamide
active layer that acts as a selective barrier, and a porous substrate as a support. However, the
trade-off between permeability and selectivity, as well as membrane fouling, including
biofouling, caused by salts, colloids, macromolecules, and bacteria, have limited a broader
application of TFC NF membranes in practical water treatments.> 7 In practice,
multifunctional NF membranes with high water flux without sacrificing the salt rejection, as
well as excellent antifouling and antibacterial performance are crucial for stable, long-term
operations in the water treatment process.® Previous researchers have been intensively
working on solving the above-mentioned problems by fabricating thin-film nanocomposite
(TFN) NF membranes via incorporating functional nanomaterials in the thin film layer. Some
studies used hydrophilic nanomaterials (TiO,,” SiO,,' graphene oxide,'! etc.) to yield a
higher water flux and better resistance towards the fouling of model pollutants on the
membrane; while the others investigated the effect of antimicrobials (silver,'? Cu,'* ZnO,!4
etc.) on membrane antibacterial performance. However, mono-functional nanofillers
mentioned above can only enhance one single function for host membranes.!>-1° Besides,
some of these nanoparticles (NPs) embedded in membranes are harmful to environment and

cytotoxic to human cells according to previous studies.?%-?> Thus, TFN NF membranes adding

3
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environmental-friendly and stable nanocomposites with multi-functions are needed for

practical water treatment.

Cellulose nanocrystals (CNCs) are environmentally friendly, renewable, mechanically strong,
and low-cost nanomaterials, which can be sourced from a wide variety of renewable biomass,
such as cotton, wood, and straw.?>> 2* CNCs are excellent additives for polymer
nanocomposite, biomedical and personal care products,?® etc. Moreover, CNCs also possess
high hydrophilicity due to the presence of abundant hydroxyl (-OH) groups on the surface,
thus promoting themselves as excellent additives in the modification of separation
membranes.”* For instance, Bai et al. reported that the water flux, rejection, mechanical
strength, and antifouling performance of both ultrafiltration (UF) and NF membranes were
enhanced after the incorporation of CNCs.* 23 Although the CNC nanocomposite membranes
can achieve excellent water flux and antifouling performance, the antibacterial properties still
need to be improved. This is due to the biodegradability of CNCs, which might be beneficial
to the environment, but it may raise a membrane longevity concern as the thin film with
CNCs may interact with bacteria and will degrade during membrane filtration.?® To promote
the antibacterial performance of membranes, a classical method is to incorporate the silver
nanoparticles (Ag NPs), one of the most effective bactericidal NPs with broad-spectrum
anti-microbial effects on bacteria, viruses, and fungi.?’”> 8 Recent studies have employed
different methods to incorporate Ag NPs into membranes, including coating, adsorption and
covalent binding.?® However, some of these methods use excess amount of Ag NPs, bringing
in aggregation and leaching problems which not only weaken the antibacterial performance

of membranes, but also lead to potential environmental hazard.? Thus, the hydrophilic CNCs

4



oNOYTULT D WN =

Environmental Science: Nano

with high surface area would be a good carrier to help the immobilization of Ag NPs.3°
Besides, the electrostatic interactions between CNCs and Ag" could help the uniform growth
and distribution of Ag NPs on CNC surface.3! Hence, we hypothesized that by combining the
advantages of highly hydrophilic CNCs and anti-microbial Ag NPs, CNC/Ag

nanocomposites are particularly suitable as an additive for TFC NF membranes.

Here, we reported a novel multifunctional CNC/Ag TFN NF membrane with excellent
performance in water flux, salt rejection, antifouling, and antibacterial properties, by
combining the advantages of both CNCs and Ag NPs. The CNC/Ag nanocomposites were
synthesized from a scalable, facile one-step reaction at room temperature, and then
incorporated into the active layer with different loadings. Then, the membrane characteristics,
water flux, desalination, antifouling and antibacterial performance were thoroughly
investigated. All CNC/Ag incorporated membranes showed significantly enhanced water flux
while remaining high rejections, as well as excellent fouling resistance and antibacterial
performance. Especially, the CNC/Ag-0.01 membrane reached a high water flux of 25.4 L
m~h ! bar!, high Na,SO, rejection of 99.1 %, flux recovery ratio of 92.6 % (humic acid as a
model foulant) and near perfect antibacterial performance (99.4 % reduction of Escherichia
coli viability). In addition, Ag" leaching tests proved the strong stability of CNC/Ag
nanocomposites in the thin film nanocomposite membranes, which not only ensures longer
durability of the CNC/Ag membrane but also mitigates the potential hazardous risks pose to

the environment.
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2. Experimental Methods

2.1 Materials and Chemicals.

PES (polyethersulfone) ultrafiltration membrane (pore size 200 nm) was acquired from
Sterlitech Corp. (Kent, WA, USA). Cellulose nanocrystals (CNCs) powder was supplied by
the University of Maine Process Development Center (Orono, ME, USA). Silver nitrate
(AgNO3, >99.0%), Sodium tetrahydridoborate (NaBH,4, >98.0%), 1, 3, 5-benzenetricarbonyl
trichloride (TMC, purity >98.0%), piperazine (PIP, purity> 99%), sodium phosphate
(NazPOy, purity > 96.0%), sodium sulfate (Na,SO,), sodium chloride (NaCl) and humic acid
sodium salt were purchased from MilliporeSigma (Burlington, MA, USA) and used without
further purifications. Deionized water (25 °C) was treated by Thermo Fisher Scientific

(Waltham, MA, USA) water purification systems and used in all experiments.

2.2 Preparation and Characterization of CNC/Ag Nanocomposites and NF Membranes

2.2.1 Preparation and Characterization of CNC/Ag Nanocomposites

The CNC/Ag nanocomposites were prepared following the method of Liu et al.?® Fig. 1
presents the schematic of the synthesis of CNC/Ag nanocomposites and the fabrication of
CNC/Ag TFN NF membranes. In a typical experiment, 300 mg CNCs were dispersed into 30
mL of DI water by 30 min ultrasonication to obtain a uniform 1 wt% CNC water suspension.
20 mL of 0.01 M AgNO; solution was then mixed with the CNC water suspension and
subjected to vigorous stirring for 1 h. Then, 1 mL of 0.01 M NaBH, solution was added
dropwise into the CNC/AgNO; suspension to prepare CNC/Ag nanocomposites. After

another 1 h stirring, the suspension was centrifuged at 10000 rpm for 20 min, and the bottom
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centrifugation-dispersion process was repeated 3 times to thoroughly wash the CNC/Ag
nanocomposites. Finally, the suspension of the CNC/Ag nanocomposites was freeze-dried to
yield a dry CNC/Ag nanocomposites powder. The morphology and size of the CNC/Ag
nanocomposites powder were characterized by scanning electron microscopy (SEM, Hitachi
SU 8010, Tokyo, Japan) at 5 kV. Samples for the SEM characterization were prepared by
dispersing CNCs or CNC/Ag nanocomposites in DI water at the concentration of 0.025 wt%
and then sonicate for 15 min. Afterward, a 5 uL of sonicated suspension was further diluted
by 5 mL of DI water and sonicated for 5 min. Then a 5 pL of the prepared sample solution
was dropped on the silicon wafer and air dried before characterization. The CNC sample was
coated with gold for 30 s with a sputter coater (Quorum Technologies, Laughton, UK) to
prevent charging of the CNC sample. Besides, the chemical compositions of CNCs and

CNC/Ag composites were analyzed by X-ray Photoelectron Spectroscopy equipped with a

AgNO, Solution 7 NaBll, Solution

Wash & Freeze-dry 2::' ’-;*&
& T AT
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CNCs Suspension CNC/Ag* Suspension CNC/Ag Suspension N
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Fig. 1 Schematic of the synthesis of CNC/Ag nanocomposites and the fabrication of CNC/Ag
TFN NF membranes.
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flood gun (XPS, Thermo K-Alpha, Thermo Fisher Scientific, Waltham, MA, USA). The

presence of CNCs and Ag NPs was also attested by X-ray diffraction (XRD) (Malvern, UK).

2.2.2 Preparation and characterization of TFC and TFN NF Membranes

The TFC and TFN NF membranes were prepared on the surface of commercial PES
membranes via the interfacial polymerization (IP) method. PES was selected as the support
material for the PA active layer due to its excellent chemical and thermal stability and great
hydrophilicity.3% 3 PES substrates were immersed in DI water to get saturated for at least 20
min, and then the surface water on the substrates was thoroughly removed with a rubber
roller before the IP process. Afterward, the PES substrates were taped on the bottom of a
glass plate. To prepare the NF membranes, the solution containing 2.0 wt% piperazine (PIP)
and 0.6 wt% Na;PO, in DI water was used as the inorganic phase to pour onto the PES
substrate and immersed for 2 min. The excess solution was removed, and the membranes
were air-dried in room temperature for 10 min until no water drops on the surface. Then, the
PES substrates were immersed in the organic phase, which contains 0.5 wt% 1, 3,
5-benzenetricarbonyl trichloride (TMC) in n-hexane for 1 min. After the formation of thin
polyamide layer on the surface, the PES support membranes were cured in an oven at 50 °C
for 10 min for further polymerization. The as-synthesized TFC NF membranes were stored in
the refrigerator at 4 °C before testing. The TFN membranes were synthesized via the same
method. Various amounts of the CNC/Ag nanocomposites (0.005, 0.01, 0.02, 0.04 wt%) were
added into the DI water and sonicated for 20 min. Then 2.0 wt% piperazine (PIP) and 0.6

wt% Naz;PO4 were added into the CNC/Ag suspension and sonicated for 20 min to prepare
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the inorganic phase. After the IP process, CNC/Ag-0.005, CNC/Ag-0.01, CNC/Ag-0.02, and
CNC/Ag-0.04 NF membranes were synthesized, respectively. Besides, 0.01 wt% CNC
(without Ag) was added into the inorganic phase to get the CNC-0.01 NF membrane. The

fabrication conditions of the synthesized membranes in this study are presented in Table 1.

Table 1. The fabrication conditions for the synthesized membranes.

Membrane Type  PIP (wt%)  TMC (wt%) CNC (wt%) CNC/Ag (wt%)
TFC 2.0 0.5 / /
CNC-0.01 2.0 0.5 0.01 /
CNC/Ag-0.005 2.0 0.5 / 0.005
CNC/Ag-0.01 2.0 0.5 / 0.01
CNC/Ag-0.02 2.0 0.5 / 0.02
CNC/Ag-0.04 2.0 0.5 / 0.04

All membranes were dried at room temperature before characterization. Fourier transform
infrared (FT-IR) spectrometer (Spectrum 400, PerkinElmer, Waltham, MA, USA) was
employed to study the FT-IR spectra of the near-surface region chemical composition of NF
membranes. The element composition of membranes was analyzed by XPS (Thermo Fisher
Scientific, Waltham, MA, USA). The surface morphology of the as-synthesized membranes
was analyzed by SEM at 5 kV. Membrane samples were coated with gold for 30 s with a
sputter coater (Quorum Technologies, Laughton, UK) to prevent charging of the membrane
surface. The hydrophilicity of membranes was studied by a contact angle goniometer (Model
250, Ramé-Hart Instrument Co., Netcong, NJ, USA). Atomic force microscopy (AFM)
(Agilent 5500, Agilent Technologies, Inc., Santa Clara, CA, USA) was employed to measure
the surface roughness of the as-synthesized membrane samples (taping mode, a scan size of

5x5 um?, and a scan rate of 0.5 line/s).

10
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2.3 Pure Water Flux and Desalination Performance Tests

The performance of the synthesized NF membranes was evaluated by a cross-flow filtration
system (Fig. S1). Flux and desalination performance tests were conducted at room
temperature and at a cross-flow rate of 350 mL/min. The membrane test area was 4.1 cm?.
Membrane samples were stabilized with DI water at 6 bar for 1 hour to reach steady state and

tested under 4.8 bar. The pure water flux J,, (L-m2-h"! or LMH) was calculated based on eq

where V' is the volume of water permeate (L), A¢ (h) represents permeate collection time

interval, and 4 is the effective area of tested membrane (m?).

The desalination performances of the TFC, CNC TFN, and CNC/Ag TFN NF membranes
were investigated using Na,SO, and NaCl aqueous solutions at the concentration of 2000
ppm. The feed and permeate concentrations were measured with a conductivity meter
(Extech Instruments Corp., Waltham, MA, USA). The salt rejection percentage R (%) was

calculated using eq 2.

CP
R= (1 ——) X 100% (2)
Cr

where C; is the feed concentration (mg/L), and C, represents the permeate concentration
(mg/L). Besides, water permeability P was calculated by P = J,/AP, where AP stands for the
transmembrane pressure (TMP) in bars. All the flux and rejection of the tested membranes

were measured three times with three individual membrane samples.
11
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2.4 Antifouling Performance

The antifouling performance was evaluated using 500 ppm humic acid as a model foulant for
the TFC, CNC TFN, and CNC/Ag TFN NF membranes. The antifouling test was conducted
under the TMP of 4.8 bar at a cross-flow rate of 350 mL/min. Membranes were first
stabilized under 6 bar TMP for 1 hour using DI water to reach the steady state, and the initial
water flux (J,,9) was recorded. Then the feed solution was replaced with 500 ppm humic acid
solution immediately. Afterward, the permeate flux (J,,) was recorded continuously for 4
hours. Then the feed solution was changed to DI water to flush the membrane test system and
membrane surface for 30 min under the cross-flow rate of 350 mL/min. After flushing, the
water flux (J,,,) after the fouling experiment was retested under the same TMP and recorded.
The normalized flux (J,,/J,,0) and flux recovery ratio (FRR, %) were calculated to represent
the antifouling properties of the NF membranes. FRR was calculated using FRR = J,,,/J,,,

*100%, which represents the flux after the antifouling test comparing with the original flux.>

34,35

2.5 Antibacterial Activity Measurement of Membranes

The antibacterial properties of the NF membranes synthesized in this study were tested using
Gram-negative Escherichia coli (E. coli, ATCC 10798) as the model bacteria following the
colony forming unit (CFU) counting method reported in the previous literature.3% 37 Firstly,
bacteria were cultured in a Luria—Bertani (LB) broth at 35 °C overnight to reach the log
phase. The E. coli culture was centrifuged at 4000 rpm to remove supernatant and washed

with DI water for 3 times. Then, the bacteria suspension was diluted to the concentration of

12
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approximately 107 CFU mL! with 0.9% NaCl. After that, a 5 cm? membrane coupon was cut
and fixed in a glass holder to expose only the NF active layer to bacteria. Then the membrane
surface was soaked with 10 mL of bacteria solution for 3 h at room temperature. The excess
solution was then discarded, and the surface of the membrane coupon was washed with 5 mL
of 0.9% saline solution to remove loosely attached bacteria. The membrane coupon was then
put into a small beaker with 10 mL 0.9% saline solution and sonicate (Branson CPX3800
Ultrasonic Bath, 40 kHz, 110 W) for 10 min to remove bacteria attached on membrane
surface. Finally, the bacteria solution was diluted and spread on LB agar plates. After 12 h
incubation at 35 °C, CFU was counted for each plate. This method effectively illustrates the
antibacterial performance of membranes by assessing the ability to inhibit biofilm growth on

membrane surface. The bacterial viability was also calculated by the following equation:
N
Bacterial viability = N x100% (4)
0

where N and N, are the colony counts corresponding to the NP modified membranes and the
TFC NF membrane, respectively. Meanwhile, a fluorescence microscope (Zeiss, Oberkochen,
Germany) was employed to study live and dead bacteria on the membrane surface after 3 h
incubation of E. coli. After the incubation, membrane coupons were rinsed with 5 mL of 0.9%
NaCl solution to remove loosely attached bacteria and then incubated for another 1 h. Then
membrane coupons were stained with SYTO 9 (1.67 mM) and propidium iodide (PI, 15 mM)
for 15 min in the dark. Finally, images were attained by the fluorescence microscope.

2.6 Silver ions releasing test of the CNC/Ag-TFN NF Membranes

The releasing rate of silver ions (Ag") from the CNC/Ag NF membranes were measured

13
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following the protocol reported by other studies.?® The 5 cm?> CNC/Ag NF membrane coupon
was soaked in a beaker with 20 mL of DI water at room temperature (25 °C) stirring at 50
rpm on a rotator. The solution was collected every 24 h for 10 days and replaced with fresh
DI water. All collected solutions were acidified with 2.0 wt% HNO; solution and then
analyzed Ag content by inductively coupled plasma optical emission spectrometry (ICP-OES,
PerkinElmer, Waltham, MA). Besides, another 5 cm?> CNC/Ag NF membrane coupon was
soaked into 20 mL of 2.0 wt% HNOj; solution and sonicated for 20 min to totally dissolve all
Ag NPs incorporated in the membrane surface. The total amount of silver was determined by
ICP-OES as well.

3 Results and Discussion

3.1 Characterization of CNC/Ag Nanocomposites

The properties of CNCs and CNC/Ag nanocomposites were characterized by SEM, XPS, and
XRD. The morphology of the CNCs and the CNC/Ag nanocomposites from a dilute water
suspension were overserved by SEM (Fig. 2). As shown in Fig. 2a, CNCs were in rod-like
shapes with the dimensions of 5-20 nm wide and 150-200 nm long (size distributions of
CNCs were presented in Fig. S2. With high surface area and abundant surface hydroxyl
groups, CNCs exhibited strong ability to absorb Ag* stably and uniformly. 3% 3! After the
treatment with NaBH, solution, the presence of Ag NPs can be seen from Fig. 2b with a
diameter of around 50 nm attached to the CNC surface, indicating that CNC/Ag
nanocomposites were synthesized successfully. As the Ag™ mobility was decreased by its
interactions with CNC’s hydroxyl groups, the growth of large Ag NPs were prevented and

the stabled Ag NPs can be formed on CNC surface. 2’

14
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Fig. 2 Characterization of CNCs and CNC/Ag nanocomposites. (a) SEM image of CNCs, (b)
SEM image of CNC/Ag nanocomposites, (¢) XPS survey spectrum of CNCs and CNC/Ag
nanocomposites, and (d) XRD results of CNCs and CNC/Ag nanocomposites.

The XPS survey spectrum in Fig. 2c¢ shows the presence of C, N, and Ag in the
as-synthesized nanocomposite, and the Ag 3d peak around 368.2 eV further demonstrated the
presence of Ag in the oxidation state of zero.>® The presence of Ag NPs was also confirmed
by the XRD results. Fig. 2d presents peaks at 38.19°, 44.37°, 64.56°, and 77.47°, in
correspondence with the diffraction peaks from the (111), (200), (220), and (311) planes of
silver metal NPs, respectively.*? Besides, the XRD peaks of CNCs at 15°, 16.5°, 22.3°, and
34.4° reflect the (110), (110), (200), and (004) planes of cellulose, respectively.*

3.2 Characterization of NF Membranes

Characterization of Membrane Surface Chemistry. FT-IR analysis was conducted to

analyze the functional groups on the membrane surface, and the results were depicted in Fig.

15
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S3. The peak at 1625 cm™! is related to C=0 stretching vibration, confirming the formation —
CO-NH- group during the IP process.*! The peak at approximately 1420 cm! is ascribed to
the O-H stretching vibration, which may be related to the carboxyl groups generated via the
hydrolysis of the unreacted acyl chlorides during the IP process.*?> The characteristic peak
around 3400 cm'! is the typical O-H stretching vibration in carboxyl introduced by IP process
and the absorption of unreacted -NH.* 4 The aforementioned peaks confirmed the successful
formation of polyamide thin active layer. However, no obvious characterization peaks of
CNCs were observed in Fig. S3a, which could be explained by the low concentrations of
CNCs and CNC/Ag nanocomposites as the peaks may be covered by strong peaks of
polyamide.> 4 4 Furthermore, Ag 3d XPS spectrum confirmed the existence of Ag NPs on
CNC/Ag TFN membrane surface as Fig. S3b exhibits two different peaks Ag 3ds, at 374.5
eV and Ag 3ds); at 368.5 eV, which are typical peaks of Ag NPs.4>46

Membrane Surface Morphology Characterization. The surface morphology of all
synthesized NF membranes was investigated by both SEM (Fig. 3) and 3 D AFM (Fig. 4).
Compared with the SEM image of PES support (Fig. 3a), the TFC NF membrane depicted
uniform nodular structure, which is the typical surface morphology of polyamide layer (Fig.
3b), indicating the substrate was fully covered by the active layer. After adding CNC/Ag
nanocomposites, the surface exhibited a different structure as ridges and valleys (Fig. 3¢ to
Fig. 3f), which was similar to the surface structures observed by Tan et al.*’ in their study of
nanoscale Turing structures of polyamide membranes. The relatively rough and
non-homogeneous Turing structures also increased the surface roughness of NF membranes

after the incorporation of CNC/Ag nanocomposites into the thin active layer (Fig. 4).#7 The

16
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incorporation of hydrophilic CNC/Ag nanocomposites could increase the hydrophilicity of
inorganic phase, thus reduced the diffusion of piperazine (PIP) from inorganic phase to
organic phase during the reaction process and resulted in rougher surface morphology.*7- 48
The striped Turing structure was mainly caused by the interaction of CNCs with the excess
TMC by hydrogen bonding in self-inhibition process during the interfacial polymerization.>
49 This was further confirmed by adding the same percentage of CNCs into the active layer as

a similar ridge-and-valley surface structure was observed from the CNC-0.01 NF membrane

(Fig. 3g).3

Fig. 3 Surface SEM images of (a) PES substrate (b) the TFC, (c¢) CNC/Ag-0.005, (d)
CNC/Ag-0.01, (e) CNC/Ag-0.02, and (f) CNC/Ag-0.04, and (g) CNC-0.01 NF membranes.
Cross sectional SEM images of the (h) TFC and (i) CNC/Ag-0.01 NF membranes.
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Besides, the surface roughness increased gradually from §,=151.5 nm (Fig. 4c) to 329.5 nm

(Fig. 4f) with the addition of CNC/Ag nanocomposites amount increased from 0.005 wt% to

oNOYTULT D WN =

9 0.04 wt%, which is consistent with the surface structure changes (Fig. 3). With the increasing
12 amounts of CNC/Ag nanocomposites in inorganic phase, the viscosity of aqueous phase
could be higher, which would further limit the diffusion of PIP at the interface and led to a
17 higher roughness.!® In addition, the increased surface roughness (Fig. 4) and the
20 cross-sectional images of TFC (Fig. 3h) and CNC/Ag-0.01 (Fig. 3i) NF membranes also
confirmed the successful synthesis of polyamide thin active layers on the PES substrates.

27 a Sq=1495£08nm Sq=188.0+0.6 nm ¢ Sq=151.5+0.5 nm

~1.8a=121.5%0.3 nm 1 -8a=153.5+0.5nm | Sa=124.5£0.7 nm
A T =:1.25 4 r=1.24

“@ }"\
f\\ /’<
Sq=293.6+0.8 nm f Sq=329.5+0.5 nm

. 8a=219.3+0.2 nm . Sa=260.1£0.7 nm

o r=1.31 W =134

AN E

36 d Sq=207.0£0.3 nm
+-Sa=168.5+0.5 nm
LA r=1.26

e

47 Fig. 4 AFM images of (a) the TFC, (b) CNC-0.01, (c) CNC/Ag-0.005, (d) CNC/Ag-0.01, (e)
48 CNC/Ag-0.02, and (f) CNC/Ag-0.04 membrane surface, where §, represents Root Mean
Square Height, S, stands for Arithmetical Mean Height and r represents roughness ratio (the
51 ratio of true area of the solid surface to the apparent area).

53 3.3 Pure Water Permeability and Salt Rejection Performance
56 The trade-off of permeability and selectivity has been a critical problem that limits the

58 improvement of the energy efficiency and separation performance upper bound during the
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water treatment process. Thus, the pure water permeability and salt rejection performance of
CNC/Ag NF membranes were both evaluated. The pure water permeability measured under
4.8 bar at room temperature for the TFC, CNC TFN, and CNC/Ag TFN NF membrane can be
seen from Fig. 5a. All NF membranes achieved higher pure water permeability after the
addition of CNC/Ag nanocomposites. The following sequence of water permeability was
observed: CNC/Ag-0.01 > CNC/Ag-0.02 = CNC/Ag-0.04 > CNC/Ag-0.005> TFC NF. The
highest pure water permeability (25.4 LMH/bar) was achieved by the CNC/Ag-0.01
membrane, which was 1.6 times higher than the TFC membrane. The significant
enhancement of pure water flux can be due to the improved membrane hydrophilicity after
the addition of hydrophilic CNC/Ag nanocomposites in PA active layer. > The water contact
angle was measured to assess the membrane hydrophilicity, as shown in Fig. 5b. After the
incorporation of CNC/Ag nanocomposites, the water contact angles of all CNC/Ag NF
membranes were lower than that of the pristine TFC NF membrane (37.3°). As smaller water
contact angles indicate more hydrophilic surfaces, the hydrophilicity of all CNC/Ag NF
membranes was improved after the addition of CNC/Ag nanocomposites. Besides, the trend
of the membrane hydrophilicity was observed to be in accordance with that of the water
permeability, which implies the strong impact of membrane hydrophilicity on membrane
flux. The best hydrophilicity was the CNC/Ag-0.01 membrane with the contact angle of
18.7°, which was almost 50% lower than that of the TFC NF membrane. Besides membrane
hydrophilicity, the increase of membrane surface roughness could also contribute to the
increased membrane flux.> 7 According to the Wenzel theory (cos 6,= r * cos 0, where 0

represents Young contact angle, r is the roughness ratio, and 6,, stands for the measured
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contact angle), for a hydrophilic ideal surface, the larger the roughness ratio r, the more
influence of roughness on membrane surface properties.® However, our calculated results of r
(Fig. 4) shows that there were no significant differences between r for the blank sample and
the membranes with different CNC/Ag loadings, indicating the minor influence of surface
roughness on the improvement of water flux compared with the influence of membrane
hydrophilicity. Therefore, when the loading of CNC/Ag nanocomposites increased from 0 to
0.01 wt%, the pure water flux was improved as the membrane hydrophilicity and surface
roughness increased simultaneously. When the loadings of CNC/Ag nanocomposites were
higher than 0.01 wt% (CNC/Ag-0.02 and CNC/Ag-0.04 membranes), although the surface
roughness became larger, their hydrophilicity decreased according to the measured contact
angles. Consequently, their membrane flux was lower than that of the CNC/Ag-0.01
membrane as the membrane intrinsic hydrophilicity played a dominant role rather than
surface roughness.

The desalination performance of all as-synthesized NF membranes was evaluated by 2000
ppm Na,SO,4 and NaCl in this study. The trends of the water permeability in Fig. Sc and Fig.
5d were in consistent with that of the pure water permeability in Fig. 5a. Compared with the
pristine TFC NF membrane, the water permeability of CNC/Ag-0.01 membrane increased
from 11 LMH/bar to 13.6 LMH/bar for Na,SO,4. In the meantime, the CNC/Ag-0.01
membrane also maintained a high Na,SO, rejection rate of 99.1%. In addition, the water
permeability of the TFN NF membrane was enhanced from 14.7 LMH/bar to 22.4 LMH/bar
for NaCl after the addition of 0.01 wt% CNC/Ag nanocomposites. The rejection of NaCl

slightly increased from 21 % (the TFC membrane) to 23.4 % (CNC/Ag-0.01). The rejection
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rate of NaCl was much lower than Na,SO, as the hydration ions radii of CI- (0.1 nm) is
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1
2
3
4 smaller than SO4* (0.3 nm).!® Thus, it is much easier for CI- to pass through polyamide layer
5
6
2 than that of SO4>.'®¥ CNC/Ag-0.01 membrane exhibited outstanding desalination properties in
8
?O both water permeability and salt rejection. This could be attributed to the relatively high
11
12 water permeability sites on the striped Turing structure, breaking through the upper limit of
13
1;’ the permeability-selectivity trade-off for this CNC/Ag TFN membrane.*’ Besides, the
16
17 cross-linking degree could be higher after the addition of CNC/Ag nanocomposites, which
18
19
20 would be beneficial to maintain high salt rejections for TFN membranes.?
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3.4 Antifouling and Antibacterial Performance of Membranes

3.4.1 Humic Acid Antifouling Performance

Membrane fouling is a major threat to long-term NF operations. Common membrane foulants
include inorganic, organic, colloidal and biological foulants, which will not only decline the
water flux but also impair the membrane durability in long-term operations.’* 3 In this study,
the antifouling properties of the CNC/Ag TFN membranes were firstly investigated using
humic acid, a typical natural organic matter (NOM),* 4% 3% with a concentration of 500 ppm.
Fig. 6 shows the normalized flux with time (Fig. 6a) and flux recovery ratio (FRR, %, Fig.
6b). Typically, a higher FRR value represents a better antifouling property of the tested
membrane. All CNC/Ag membranes presented a much higher FRR than the TFC NF
membrane (Fig. 6b). Especially, CNC/Ag-0.01 reached the highest FRR of 92.6 %, which
was ~37 % higher than that of the TFC NF membrane and ~10% higher than that of the
CNC-0.01 TFN membrane. The enhanced antifouling performance of = CNC/Ag NF
membranes could be explained by the introduction of hydrophilic CNC/Ag nanocomposites
into the polyamide layer, which could help mitigate fouling by weakening the interactions
with the hydrophobic humic acid molecules.> 3¢ Also, the abundant hydroxyl groups on CNC
surface could act as active sites that are available for hydrogen bonds to form a hydration
layer on membrane surface, thus reducing the attachment of foulants.’” However, the
CNC/Ag-0.02 and CNC/Ag-0.04 membranes presented lower FRR than that of the
CNC/Ag-0.01 membrane. According to studies conducted by previous researchers, low

surface roughness enhanced the antifouling performance of membranes because of the
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1
2
3
4 suppressed attachment tendency of foulants on the smooth active layer.'> 37 Thus, with the
5
6 . . .
7 incorporation of more than 0.01 wt% of CNC/Ag nanocomposites, the surface roughness
8
?O became larger and thus the antifouling performance for humic acid slightly decreased.
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;; normalized flux and (b) Flux recovery ratio (FRR). The cross-flow rate for all pure water flux
33 and humid acid fouling tests was 350 mL/min.
34
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38 3.4.2 Antibacterial Performance
39
40 : : . : . . : : :
41 Besides organic fouling, biological and microbial membrane fouling will also lead to flux
42
ji decline, high energy consumption, and shortened membrane life span.® To analyze the
45
46 antibacterial performance of the fabricated membranes, membrane surface was exposed to the
47
ZS model gram-negative bacteria E. coli suspension for 3 h, and the colony forming unit (CFU)
50
51 plate counting method was applied to determine the number of alive bacteria attached on
52
53 .
54 membrane surface. Fig. 7a demonstrates that all CNC/Ag NF membranes presented excellent
55
g? antibacterial performance of over 86% bacterial viability reduction. Especially, CNC/Ag-0.01
58 . . . eq e
59 achieved the lowest bacterial viability ratio of around 0.6 % (99.4 % bacterial viability
60
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reduction), demonstrating its outstanding antibacterial performance. The excellent
antibacterial performance of CNC/Ag NF membranes could be mainly due to the antibacterial
property of CNC/Ag nanocomposites.3 It is widely acknowledged that Ag is one of the most
effective antimicrobials, and main antibacterial mechanisms of Ag NPs include direct contact
cell damage, the generation of reactive oxygen species and Ag* released from Ag NPs.20 46,59
Besides the biocidal effect of Ag NPs, the excellent antibacterial performance could also be
attributed to the anti-attachment effect of CNC/Ag TFN membrane surface to bacteria.®
Enhanced hydrophilicity, low surface roughness will lower the adhesion of E. coli and lead to
different membrane antibacterial performance.*> Thus, the greatly improved hydrophilicity
(Fig. 5b) and relatively flat membrane surface (Fig. 4) after incorporating 0.01 wt% CNC/Ag
nanocomposites could effectively suppress the attachment of bacteria. With the combination
influence of the biocidal effect from Ag NPs and the strong anti-attachment effect on bacteria,
the CNC/Ag-0.01 NF membrane achieved the best antibacterial performance. However, the
antibacterial performance of CNC/Ag NF membranes after adding more nanocomposites was
slightly decreased compared with CNC/Ag-0.01, which could be explained by their higher
surface roughness and lower hydrophilicity (Fig. 4 and Fig. 5). With higher loadings of
CNC/Ag nanocomposites, although the biocidal effects could be enhanced by larger amount
of Ag NPs, the weakened anti-attachment influence on bacteria could be the dominate reason
to the antibacterial performance decline of CNC/Ag-0.02 and CNC/Ag-0.04 membranes.

In order to further analyze the antibacterial mechanism of CNC/Ag TFN membranes,
fluorescent microscopy (Zeiss, Oberkochen, Germany) analysis was applied and the results

were depicted in Fig. 7b where red dots represent dead cells and green dots indicate live cells.
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After 3 h incubation of NF membranes in E. coli solution, the TFC NF membrane exhibited
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strong green fluorescence, and almost no dead cell was shown on the membrane surface,
which indicates that the TFC NF membrane did not have obviously antibacterial effect.
Besides, the dense green dots could also imply its bad anti-attachment effect on E. coli. In
contrast, the CNC/Ag-0.01 NF membrane achieved strong biocidal performance as well as
excellent anti-attachment performance, which was in consistent with the quantitative results
in Fig. 7a. Almost all cells on CNC/Ag-0.01 membrane surface were dead, and fewer cells
were observed including both dead cells and alive cells, indicating the suppression of
bacterial adhesion. In order to further analyze the anti-attachment effect on the overall
CNC/Ag membrane antibacterial performance, the antibacterial performance of CNC-0.01
TFN was also evaluated. CNC-0.01 membrane achieved a reduction of bacterial viability of
58 % (Fig. 7a), and Fig. 7b demonstrates that almost all remaining bacteria on CNC-0.01
membrane surface were alive, indicating that CNCs only reduce the attachment of bacteria

rather than exhibit biocidal performance.
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Fig. 7 Antibacterial performance results. (a) Colony forming unit (CFU) plate counting
results of all membranes, and (b) the agar plate results and fluorescence microscopy images
of the pristine TFC (upper row), CNC-0.01 (middle) and CNC/Ag-0.01 (bottom) NF
membranes, where the live bacteria stained with SYTO 9 (green color) and the dead bacteria
stained with PI (red color).
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3.5 Stability of Ag NPs in the CNC/Ag TFN Membrane

The stability of Ag NPs is known to have strong influence on the effectiveness and duration
of membrane antibacterial performance.®! Besides, although silver ions show low-toxicity to
humans, high concentration of Ag" can still cause DNA damage to human cells.?®- ¢! Thus,
the stability of Ag NPs in CNC/Ag-0.01 TFN membrane was analyzed by the Ag* leaching
experiment in this study. 5 cm? membrane coupons of the CNC/Ag-0.01 TFN membrane
were immersed in a beaker with 20 mL of DI water under 50 rpm stirring for 10 consecutive
days, and the Ag content was measured via ICP-OES. As illustrated in Fig. 8, the initial
releasing rate was 0.0135 pg cm day-!, and then decreased dramatically to around 0.0063 pg
cm? day! from the second day. This trend was in accordance with the observations in
previously reported studies.!> 4+ 46 From the third day, the Ag' releasing rate decreased
gradually and finally reached a steady releasing rate of around 0.0018 pg cm day! from the
8h day. Such a low releasing rate could be attributed to the stability of CNC/Ag
nanocomposites in membrane polyamide layer. With high surface to volume ratio, CNCs
could serve as good carriers to stable Ag NPs and prevent rapid Ag leaching from CNC/Ag
nanocomposites.?® 2 In addition, CNC exhibited excellent compatibility in polymer matrix
due to their large surface area,®® which could also help with the stability of CNC/Ag in the
polyamide layer. Besides the Ag releasing rate, the duration of antibacterial effectiveness is
also a crucial factor in practical water treatment. The total Ag content in the CNC/Ag
membrane (0.43 ug cm?) in this work is 36 times lower than the Ag NPs of membranes (15.5
ug cm?) synthesized in the study done by Yin et al.3® (Table 2). However, the CNC/Ag TFN

membrane was expected to be effective for around 222 days, which was much longer than
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Yin et al.3® (~ 140 days) and other reported Ag embedded membrane studies (97-155 days).*>
64,65 The Ag leaching results imply that CNC/Ag TFN membranes can achieve a low Ag

releasing rate and longer duration time with a significant small amount of total Ag loading,
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Fig. 8 Ag" release profile of CNC/Ag-0.01 TFN membrane and its remaining percentage of
Ag on membrane surface.

which implies its low potential environmental risks and the potential for practical water
treatment.

4. Conclusion

In this study, multifunctional thin film nanocomposites nanofiltration membranes were
synthesized by embedding CNC/Ag nanocomposites into the thin active layer. A detailed
benchmarking was presented in Table 2, which summarized the nanocomposite TFN
membranes containing Ag NPs reported in recent years. Among all these membranes, the
CNC/Ag-0.01 TFN NF membrane exhibited distinguishing multi-functions including high
pure water flux, high salt rejection for Na,SO, (> 99 %), excellent antifouling and

antibacterial performance simultaneously. CNC/Ag membranes with high flux and rejections

29

Page 30 of 39



Page 31 of 39

oNOYTULT D WN =

Environmental Science: Nano

are more energy-efficient than TFC membranes, which reduces the energy consumption

associated with the NF process. The excellent antifouling and antibacterial properties of the

membrane can mitigate flux decline by preventing the formation of physical and biological

fouling films, which improves the membrane durability in the long-term operation.

Furthermore, the CNC/Ag-0.01 TFN NF membrane also demonstrated excellent Ag stability

on the membrane surface, which not only enabled it to achieve high antibacterial performance

at a very low Ag loading of 0.43 pg cm? but also prevented the potential environmental

hazard of excess Ag leaching. In addition, the relatively low cost and facile synthesis method

of CNC/Ag nanocomposites will benefit the large-scale production of CNC/Ag TFN NF

membranes. These results demonstrate that the multifunctional CNC/Ag TFN NF membranes

may have a promising potential application in desalination and water treatment processes.

Table 2. Summary of recently reported nanocomposite TFN membranes containing Ag NPs and

commercial NF membranes.

Antibacterial
Pure Water Na,SOy4 .
L o performance for Total Ag loading
Membrane Permeability ~ Rejection . Ref.
E. coli (ug cm?)
(LMH/bar) (%)
(%)
This
CNC/Ag-0.01 NF 254 99.1 99.4 0.4
work
PEI/PEG/Ag NF / 92 / 3.6 5
COOQO- zwitterion-Ag NF / ~95 93.1 10.1 58
Ag-PDA-TFN NF 5.9 / 55.6 +13.7 14.7 66
rGO/Ti,0/Ag NF 96% > 90% / 18
S-BioAg NF 85.5 / / 67
S-ChemAg NF 87 / 23 67
CA/Ag NF 1.9 96.4 >99% / 68
In-situ Ag RO / / 78 £ 12 3.7 64
SH-AgNPs RO 4.4 / / 15.5 38
NF 90 6.7 98.6 / / 69
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NF 270 11.2 94 / /
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