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Immobilization of silver nanoparticles on cellulose nanofibrils
incorporated into nanofiltration membrane for enhanced

desalination performance

Ming He ®"?™, Wei-Dong Li'?, Jia-Chuan Chen’, Zhi-Guo Zhang

!, Xiao-Fa Wang' and Gui-Hua Yang'®

Nanofiltration (NF) membranes circumventing global water scarcity with excellent separation and antibacterial performances are
highly desirable for efficient water treatment but remain a great challenge. Herein, a nanofiltration membrane was fabricated by
in situ immobilizing silver nanoparticles (AgNPs) on sulfated cellulose nanofibril incorporated during interfacial polymerization.
AgNPs were confirmed to be uniformly distributed and in situ grown on sulfated cellulose nanofibril (SCNF) due to its abundant
sulfate and hydroxyl groups by mixing them with anhydrous piperazine solution as inorganic phase and homophenyl chloride
n-hexane solution as the organic phase on the surface of a polyethersulfone microporous membrane. The attributes of SCNF,
excellent hydrophilicity, and highly negative charges enhanced both the rejection and water permeability. As the SCNF charge
increased, the roughness of SCNF increased and the contact angle decreased, and the maximum values were 203 nm and 17.67°,
respectively. Among all the composite NF membranes, H-SCNF/Ag-0.01 had better rejection of Na,SO4 and NaCl, with a maximum
rejection of 97.11% and 32.55%, respectively. Meanwhile, it also maintained high water permeability. Antibacterial experiments
indicated that the composite NF membrane had effective inhibition against Escherichia coli and exhibited an expected slow-release
capability of Ag™, which made it have long-term antibacterial properties. It was estimated that the antibacterial effect could last for
90 days. This work demonstrated that AgNPs in situ immobilization on SCNF could be used as promising nanofillers for designing

advanced functional NF membranes.
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INTRODUCTION

A nanofiltration (NF) membrane is a pressure-driven separation
membrane between reverse osmosis membrane (RO) and
ultrafiltration membrane (UF), and its pore size is in the range of
0.2-2nm’. It is mainly used for the desalination of salt water,
groundwater, and surface water. The most commonly used
method for preparing NF is interfacial polymerization (IP)%
Polymerization of Piperazine (PIP) aqueous solution and homo-
benzoyl chloride (TMC) of organic solvent on porous supports are
used to prepare NF, which are usually divided into two layers:
interface selection layer and supporting bottom membrane3,
Water permeability and rejection are essential properties of NF.
However, due to the attachment and multiplication of bacteria,
the surface of the composite NF membrane is easy to form
biofilm*. The generated bacterial biofilm leads to the increase of
hydraulic resistance and concentration polarization effect of
osmotic flow, which reduces the water permeability and rejection
rate of the composite NF membrane, and increases the energy
loss and operating cost of the composite NF membrane®. To
reduce biological contamination, researchers usually add disin-
fectants to water or carry out physical and chemical pretreatment,
disinfection, or oxidation of water to inactivate bacteria. But these
fungicides can only kill the plankton in the water and have little
killing activity on the bacteria and the biofilm generated on the
composite NF membrane, and the composite NF membrane will
degrade when it comes into contact with chlorine and other
chemical oxidants®’. Other disinfection methods, such as ultra-
violet disinfection, its membrane bacteria have a small fire

extinguishing performance. The non-oxidizing disinfectant 2, 2-
dibromo-3-nitropropanamide (DBNPA), which requires replenish-
ment after a period of operation, is costly and generates a large
waste stream®°,

In recent years, the introduction of nanoparticles into composite
NF membranes to reduce biological contamination has become
more and more popular. Commonly used nanoparticles are silver,
copper, titanium oxide, and so on'®"'2, Among all nanoparticles,
silver nanoparticles (AgNPs) have the advantages of broad-
spectrum antibacterial activity, no bacterial resistance, and low
toxicity to mammalian cells, which is recognized as a safe and
effective antimicrobial agent'>. AgNPs can mainly inhibit the
growth of microorganisms in three ways. In a first way, AgNPs
release Ag™, which interacts with enzymes or disulfide or thiol
groups of DNA to generate reactive oxygen species or interrupt
DNA replication, thus disrupting metabolic processes and leading
to bacterial cell damage or even deaths. The second way is that
AgNPs attach to the membrane surface and destroy the stability
and plasma membrane potential of the outer membrane, thus
disrupting the normal function of the membrane. A third way is
that small AgNPs can penetrate the cell membrane and enter the
bacteria, interacting with compounds containing sulfur or
phosphorus, causing further damage to the bacteria'*'®. The
commonly used methods of adding AgNPs into composite NF
membranes include physical bonding, chemical bonding, and
layer-by-layer technology'®. However, AgNPs tend to aggregate in
the polymer matrix, which dramatically weakens their antibacterial
performance. To improve its dispersibility, many researchers have
fixed AgNPs on the carrier.
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Fig.1 SEM images of CNF and CNF/Ag nanocomposites. SEM images (scale bar: 5 pm) of a L-SCNF, b L-SCNF/Ag, ¢ MSCNF/Ag and d H-SCNF/Ag.

Nanocellulose as the carrier of AgNPs has attracted the
attention of many researchers due to its large specific surface
area, environmental friendliness, wide source, and ease of
chemical modification'”. Liu et al prepared carboxylated cellulose
nanocrystal (CNC) and AgNPs and used them as bi-functional
nanofillers to improve the mechanical properties and antibacterial
properties of waterborne polyurethane (WPU)'®. Compared with
unmodified cellulose, chemically modified cellulose provides more
loading sites for AgNPs'®. Sulfated cellulose nanofibril (SCNF) is a
kind of nanocellulose with the sulfated group. Due to its good
biocompatibility, biodegradability, and abundant sulfate groups
and hydroxyl groups, SCNF can be used as a carrier of Ag ions,
which can be fixed on SCNF for uniform in situ growth and
distribution. This method can effectively reduce the aggregation
of AgNPs and improve the dispersion of AgNPs, and promote their
full play of antibacterial effect. Furthermore, adding SCNF into the
NF membrane can effectively improve the separation perfor-
mance of the NF membrane due to its hydrophilicity, thus
increasing the service life of the NF membrane?°. However, few
works have been focused on the utilization of SCNF as the carrier
of AgNPs in NF membranes so far.

Inspired by these advantages, in this study, SCNFs with different
charge amounts were used as the carrier to compound it with Ag,
and Ag was grown in situ and distributed uniformly on their
surface. The prepared SCNF/Ag complex was mixed with
anhydrous piperazine aqueous solution as the inorganic phase.
A composite NF membrane loaded with Ag was prepared by IP
with an n-hexane solution of homophenyl chloride as the organic
phase on the surface of the polyethersulfone microporous
membrane. The prepared SCNF/Ag composite was analyzed by
scanning electron microscope (SEM), X-ray diffraction photoelec-
tron spectroscopy (XPS), and X-ray diffractometer (XRD). The
composite NF membrane was characterized by an infrared
spectrometer, XPS, SEM, atomic force microscope (AFM), contact
angle measuring instrument, laboratory self-made separation, and
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detection device, and atomic spectrophotometer. The antibacter-
ial performance of the NF membrane was tested by a bacterio-
static zone experiment.

RESULTS AND DISCUSSION
Characterization of CNF and CNF/Ag nanocomposites

The surface morphology of SCNF and SCNF/Ag nanocomposites
were characterized by SEM. As shown in Fig. 1a, SCNF was
filamentous with a high aspect ratio. The fibers were intertwined
to form a network structure. Since the SCNF surface had a large
number of negatively charged sulfate groups and rich hydroxyl
groups, Ag™ was well fixed by electrostatic adsorption and
ion—dipole interaction®'. Figure 1b-d was SEM images of SCNF/Ag
nanocomposites, which showed AgNPs were in situ immobilized
on SCNF. It is known that the distribution of AgNPs on the
membrane surface was essential that continuous AgNPs precipita-
tion would lead to membrane surface blockage and reduce
membrane permeability??. It could be seen from the figures that
AgNPs were discretely distributed instead of aggregation, and
AgNPs had uniform dispersion and little aggregation on SCNF.

XRD spectra of SCNF and SCNF/Ag nanocomposite were shown
in Supplementary Fig. 1a. As shown in Supplementary Fig. 1a, For
SCNF, the diffraction peaks at 14.94, 16.56, 22.4, and 33.84 are
consistent with the (110), (110), (200), and (004) planes of typical
cellulose, respectively. In addition, new peaks appeared in samples
L-SCNF/Ag, M-SCNF/Ag, and H-SCNF/Ag at 38.26° 44.36°, 64.74°,
and 77.46°, corresponding to the diffraction peaks of (111), (200),
(220), and (311) planes of AgNPs?3, This indicated that AgNPs were
successfully grown in situ on SCNF.

Supplementary Fig. b was the XPS spectra of SCNF and SCNF/
Ag nanocomposites. All samples had two strong peaks at the
binding energies of 286 and 532 eV, belonging to C1s and Ofs,
respectively. Moreover, samples of L-SCNF/Ag, M-SCNF/Ag, and H-
SCNF/Ag showed new peaks at the binding energy of 368 eV,
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Fig. 2 FTIR spectra of composite NF membrane. FTIR spectra of PES substrate, SCNF composite NF membrane andSCNF/Ag composite NF

membrane.
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Fig. 3 The Ag 3d XPS spectra of SCNF/Ag composite NF membrane. The Ag 3d XPS spectra of a L-SCNF/Ag-0.01, b MSCNF/Ag-0.01 and

¢ H-SCNF/Ag-0.01.

which was attributed to the signal peak of Ag 3d. This further
proved the existence of Ag in the zero-oxidation state, which
provided favorable evidence for the successful in situ growth of
AgNPs on SCNF.

Surface chemical structure of composite nanofiltration
membrane

FTIR spectra of the PES substrate, SCNF composite NF membrane,
and SCNF/Ag composite NF membrane were shown in Fig. 2. As
demonstrated in Fig. 2, after IP, two new characteristic peaks
appeared in the composite NF membrane at wavelength 1443 and
1621 cm™", respectively, which were attributed to the stretching
vibration of C=0 in the -CO-NH-group and the stretching
vibration of O-H in the carboxyl group generated by unreactive
acyl chloride hydrolysis?*. The appearance of these two character-
istic peaks indicated that the surface of the membrane had a
polyamide structure, indicating the success of IP. The typical
cellulose characteristic peaks of SCNF and SCNF/Ag were not
detected, which might be due to being covered by the strong
peaks of the polyamide layer.

The Ag 3d XPS spectra of L-SCNF/Ag-0.01, M-SCNF/Ag-0.01, and
H-SCNF/Ag-0.01 were shown in Fig. 3. As shown in Fig. 3, L-SCNF/
Ag-0.01, M-SCNF/Ag-0.01, and H-SCNF/Ag-0.01 all had two strong
peaks at 367.4 and 373.5eV, corresponding to Ag 3ds,, and Ag
3ds,, peaks, respectively. Ag 3ds,, and Ag 3ds,, were typical peaks
of AgNPs?®, This further proved the successful preparation of
AgNPs and their existence on the surface of NF membrane.
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Surface characterization of composite nanofiltration
membrane

The SEM images of the PES substrate and composite NF
membrane were shown in Fig. 4. Figure 4a was the SEM image
of the PES substrate. It could be seen from the image that the PES
substrate had a smooth surface, and holes were evenly distributed
on the surface. Figure 4b—(e) were SEM images of TFC, L-SCNF-
0.01, M-SCNF-0.01, and H-SCNF-0.01, respectively, indicating that
the surface of the composite NF membrane had a ridge valley
structure. Figure 4(f)-(h) were the SEM images of L-SCNF/Ag-0.01,
M-SCNF/Ag-0.01, and H-SCNF/Ag-0.01, respectively. The surface of
the composite NF membrane seemed to be covered by SCNF/Ag
nanocomposites. Small bright features were detected on the
surface of the composite NF membrane, which also had a ridge
valley structure. This was similar to the Turing nanostructure of
polyamide reported by Tan et al.%%. The fringe Turing structure was
mainly due to the self-inhibition process generated by hydrogen
bond interaction between SCNF and excess TMC during IP?’. The
high permeability site of the Turing structure could improve the
water permeability of the NF membrane. Adding the same
amount of SCNF into the interface selection layer also had a ridge
valley structure, which further proved that the Turing structure
was caused by the hydrogen bond interaction between SCNF and
excess TMC. With the increase of the charge of SCNF, the Turing
structure became more scattered and disordered.

AFM images of the composite NF membrane were shown in Fig.
5. As shown in Fig. 5, the mean square roughness (Rq) of the
composite NF membrane increased from 31.3 to 203 nm after
adding SCNF or SCNF/Ag composite into the interface selection
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(scale bar: 20 pm) of a PES substrate, b TFC, ¢ L-SCNF-0.01, d M-SCNF-0.01,

e H-SCNF-0.01, f L-SCNF/Ag-0.01, g M-SCNF/Ag-0.01 and h H-SCNF/Ag-0.01.

Rq=160 nm

Rq=83.7 nm

Rq=68.6 nm

Rq=203 nm

Fig. 5 AFM images of composite NF membrane. AFM images (scale bar: 5 um) of a TFC, b L-SCNF-0.01, ¢ L-SCNF/Ag-0.01, d M-SCNF-0.01,

e MSCNF/Ag-0.01, f H-SCNF-0.01 and g H-SCNF/Ag-0.01.

layer. This could be explained by the fact that the hydrophilicity of
SCNF and SCNF/Ag composite increased the hydrophilicity of the
inorganic phase and reduced the diffusion of PIP from the
inorganic to the organic phase, thus increasing the surface
roughness of the composite NF membrane?®, The viscosity of the
inorganic phase increased after the addition of SCNF/Ag
composite, further limiting PIP diffusion from the inorganic phase
to the organic phase, resulting in a rougher surface. The
roughness of the composite NF membrane increased with the
increase of the charge of SCNF. This was due to the fact that the
increase of charge of SCNF enhanced the hydrophilicity of SCNF
and increased the roughness of the composite NF membrane.
Noticeably, the results were consistent with SEM results.

Contact angle of composite nanofiltration membrane

The hydrophilicity of the membrane was assessed by measuring the
water contact angle, as it was an important film property that could
affect the performance of the membrane. The contact angle of the
composite NF membrane was shown in Fig. 6. As shown in Fig. 6,
after SCNF and SCNF/Ag composite were added into the interface
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selection layer of the composite NF membrane, the surface contact
angle of the composite NF membrane decreased. The minimum
contact angle was 17.67° of H-SCNF/Ag-0.01, which was 30.92%
lower than that of TFC, indicating that the hydrophilicity of the
composite NF membrane was enhanced. As shown in Fig. 6, the
contact angle of the NF membrane decreased with the increase of
SCNF charge. This was mainly due to the hydrophilicity of SCNF itself,
and the hydrophilicity of SCNF increased with the increase of charge.
The water permeability of the NF membrane was affected by the
contact angle. The contact angle decreased, hydrophilicity increased,
and water permeability increased. In addition, it could be seen in Fig.
6 that the contact angle of the membrane with SCNF/Ag composite
was smaller than that of the membrane with SCNF. This experimental
result was consistent with the previous studies?®3C. This indicated
that adding SCNF/Ag composite to the polyamide layer of the
composite NF membrane could improve the hydrophilicity of the
composite NF membrane, which was attributed to the presence of a
hydrophilic silver oxide layer on the surface of AgNPs®'. More
hydrophilic surfaces could both improve water permeability by
increasing the membrane’s water solubility and resistance to
biological contamination by reducing bacterial adhesion®2.
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Separation performance of composite nanofiltration
membrane

The separation performance of the composite NF membrane was
shown in Fig. 7. Figure 7a was the rejection and water
permeability of composite NF membrane for Na,SO,4. As shown
in Fig. 7a, compared with TFC, the rejection of the composite NF
membrane increased with a maximum increase of 7.36% after the
addition of SCNF and SCNF/Ag composite. The rejection of the
composite NF membrane increased from 92.65% to 97.11% with
the increase of the charge of SCNF. The order of Na,SO, rejection
of composite NF membranes was as follows: H-SCNF/Ag-0.01 > H-
SCNF-0.01 > M-SCNF/Ag-0.01 > M-SCNF-0.01 > L-SCNF/Ag-0.01 > L-
SCNF-0.01. Meanwhile, the water permeability of the composite
NF membrane increased from 108.28 to 351.38 L/m?%/h. This was
due to the Turing structure of the composite NF membrane, which
increased the contact area between the membrane surface and
water and broke the upper limit of the permeation-selection
equilibrium of the composite NF membrane, thus increasing both
the rejection and water permeability of the composite NF
membrane?. In addition, compared with SCNF, the addition of
SCNF/Ag composite could improve the rejection and water
permeability of the composite NF membrane. This was because
the composite NF membrane with SCNF/Ag composite had a
more hydrophilic surface and a rougher surface than the
composite NF membrane with SCNF. According to the previous
studies, the addition of SCNF/Ag composite was conducive to
improving the cross-linking reaction in the IP process and
effectively improving the rejection rate of composite NF
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Fig. 6 Contact angle of composite nanofiltration membrane. Error
bars represent standard deviations using at least two measurements
from two different samples.
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membranes?’. Figure 7b was the rejection and water permeability
of composite NF membrane for NaCl. With the increased charge of
SCNF, the rejection and water permeability of the composite NF
membrane increased. H-Ag-PIP/TMC had the highest retention
rate and water permeability, which were 32.55% and 206.63 L/m?/
h, respectively. Figure 7 showed that the rejection of the
composite NF membrane for Na,SO, was higher than that for
NaCl, which was because the hydration radius of the divalent ion
was larger than that of the monovalent ion, so it was easier for the
monovalent ion to pass through the interface selection layer of
the composite NF membrane. Among seven composite NF
membranes, H-SCNF/Ag-0.01 showed excellent desalination
performance.

Antibacterial performance of composite nanofiltration
membrane

Figure 8 showed the antibacterial experimental results of the H-
SCNF/Ag-0.01 composite NF membrane with a diameter of 8 mm.
As shown in Fig. 8, TFC and H-SCNF-0.01 composite NF membrane
did not affect the growth of Escherichia coli, while H-SCNF/Ag-0.01
composite NF membrane showed a clear AGAR surface with no
bacterial growth, and an inhibition zone (0.35 mm) was observed
around it. This was consistent with previous studies showing that
AgNPs had an antibacterial effect, with inhibition zones occurring
around substrates containing AgNPs>3, Figure. S2 showed the
antibacterial test results of TFC, L-SCNF-0.01, L-SCNF/Ag-0.01, M-
SCNF-0.01, and M-SCNF/Ag-0.01. As shown in Fig. S2, inhibition
zones were observed around L-SCNF/Ag-0.01 and M-SCNF/Ag-0.01
composite nanofiltration membranes, which were similar to H-
SCNF/Ag-0.01 composite nanofiltration membranes. After remov-
ing the membrane samples, bacterial growth was observed on the
AGAR surface of L-SCNF-0.01 and M-SCNF-0.01 membranes, while
no bacterial growth was observed on the AGAR surface of H-SCNF/
Ag-0.01 membranes. These results indicated that L-SCNF/Ag-0.01
and M-SCNF/Ag-0.01 composite nanofiltration membranes had an
inhibitory effect on E. coli. AgNPs could mainly inhibit the growth
of microorganisms in three ways. The first way was that AgNPs
releases Ag™ and interacted with the disulfide or mercaptan
groups of enzymes or DNA to generate reactive oxygen species or
interrupt replication, thus disrupting metabolic processes and
leading to bacterial cell damage or even death. The second way
was that AgNPs attach to the membrane surface and destroy the
stability and plasma membrane potential of the outer membrane,
thus disrupting the normal function of the membrane. The third
way was that AgNPs with small particle size could penetrate the
cell membrane into the bacteria and interact with sulfur or
phosphorus-containing compounds, causing further damage to
the bacteria®®. This indicated that TFC membrane surface was
prone to membrane biological contamination, and adding AgNPs
in the NF membrane could inhibit biological contamination.
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Fig.7 Rejection and water permeability of composite NF membrane for Na,SO, and NaCl. a Rejection and water permeability of composite
NF membrane for Na,SO,4, b Rejection and water permeability of composite NF membrane for NaCl. Error bars represent standard deviations

using at least two measurements from two different samples.
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Before stripping the membrane

After stripping the membrane

Fig. 8 Bacteriostatic zone experiment, the diameter of the membrane was 8 mm, and the membrane was removed from the nutrient
AGAR after 24 h culture. a TFC, b H-SCNF-0.01, ¢ H-SCNF/Ag-0.01 and d Blank bacteriostatic zone experiment, the diameter of the membrane
was 8 mm, and the membrane was removed from the nutrient AGAR after 24 h culture.
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Stability analysis of silver in nanofiltration membrane

To evaluate the duration of the antibacterial effect of the composite
NF membrane, the stability of silver in the composite NF membrane
was measured over a period of time. Figure 9 showed the silver ion
release rate and residual percentage of silver in the prepared
composite NF membrane within 10 days. As shown in Fig. 9, the
release rate of composite NF membrane was 0.72 ug/cm?/day on the
first day, 0.38 ug/cm?/day on the second day, and 0.34 pug/cm?/day
on the third day. The silver release rate in the first 3 days was still at a
high level. However, after the third day, the release rate of silver ions
reached a stable level. This was mainly because the initial release
process of silver ions was generally controlled by the diffusion of
water on the substrate surface. For the film surface with AgNPs, silver
ions were easy to diffuse on the surface, leading to the rapid
diffusion of silver ions in the initial stage®>. SCNF had a large specific
surface area and was a suitable carrier for stabilizing AgNPs, which
could effectively prevent Ag leaching from SCNF/Ag composite. In
addition, SCNF showed excellent compatibility in the polymer matrix
due to its large specific surface area, which also contributed to the
stability of AgNPs in polyamide layers>®. This trend of high initial rates
followed by a sudden decline was consistent with the results
obtained by other researchers®. At a stable release period after
3 days, the residual percentage of silver decreased linearly with time,
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and the average release rate was 0.04 ug/cm?/day. Based on the
average release rate and residual percentage of silver, the
antibacterial effect of silver was expected to last for 90 days, which
was similar to other expected duration reported in the literature33%,
In this work, AgNPs were in situ immobilized on SCNF, and the
composite was incorporated into the selective layer as the inorganic
phase via IP to fabricate an NF membrane. Benefit from excellent
hydrophilicity and highly negative charges of SCNF, the water
permeability of the NF membrane could be improved by the high
permeability site of the Turing structure formed by SCNF and excess
TMC. Furthermore, SCNF had a large specific surface area and was an
ideal carrier for dispersing and stabilizing AgNPs, which could
effectively prevent Ag leaching from SCNF/Ag composite. In addition,
the influence of SCNF with different charges on composite NF
membranes was investigated. With the increase of SCNF charge, the
surface roughness of the composite NF membrane increased, and its
maximum value was 203 nm, while the water contact angle
decreased, and its minimum value was 17.67°, which was mainly
due to the hydrophilicity and viscosity of the SCNF/Ag composite.
After SCNF/Ag composite addition, the interception rate and water
permeability of the composite NF membrane to salt solution
increased. Among all the membranes, H-SCNF/Ag-0.01 NF mem-
branes had the highest rejection rates for Na,SO, solution and NaCl
solution, which were 97.11% and 32.55%, respectively. Moreover, H-
SCNF/Ag-0.01 NF membranes had higher rejection rates for divalent
salt ions than for monovalent salt ions. Due to the antibacterial action
of AgNPs, H-SCNF/ Ag-0.01 composite NF membrane had good silver
stability, and the antibacterial effect of silver could be estimated to
last for 90 days. In summary, with excellent water dispersion, large
specific surface area, and strong negative charge, SCNF could be
used as nanocarriers of AgNPs in the selective layer to achieve an NF
membrane with good separation and antibacterial properties.

METHODS
Materials and chemicals

Bleached kraft poplar pulp board (with 85.05% cellulose, 14.55%
hemicellulose, and 0.4% lignin) was purchased from Huatai Paper Co.,
Ltd in Dongying, Shandong Province, China. It was disintegrated in
water, filtered, and dried in an oven at 60 °C for 24 h. Glycerol (=99%)
and silver nitrate (AgNO3, 299.8%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). The polyethersulfone
(PES) microfiltration membrane (0.22 um) was purchased from Tianjin
Jinteng Experimental Co, Ltd (China). Sulfamic acid (99.5%),
piperazine (PIP, >99%), trmesoyl chloride (TMC, 99%), n-hexane
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(97%), ammonium hydroxide solution (HsNO, 25-28%), glucose
(CgH1206, the molecular weight is 180.16, =99.5%), sodium sulfate
(Na,SO4) and sodium chloride (NaCl) were all obtained from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China) and used
as received without further purification. Nitric acid (HNOs) was
bought from Laiyang Economic and Technological Development
Zone Fine Chemical Plant (Shandong, China). Deionized water (25 °C)
was employed in all experiments.

Preparation of SCNF and SCNF/Ag nanocomposites

SCNFs with different surface charges were prepared according to
the method reported by Li et al.*°. The SCNF with low, medium,
and high charges were named L-SCNF, M-SCNF, and H-SCNF,
respectively. The prepared SCNF with different surface charges
was configured as a suspension of 12.5g/L and stirred magneti-
cally at 70°C for 30 min. Then add ammonia drop by drop into
AgNO; solution and gently stir until the brown precipitate
disappears to prepare 0.5 mol/L silver ammonia solution (Ag(N-
Hs),OH). Evenly transferred the prepared silver ammonia solution
to the well-dispersed SCNF solution and stirred vigorously for
20 min to obtain the mixed solution. Finally, 5.98g glucose
solution was added to the above-prepared mixed solution and
stirred at 70 °C for 3.5 h to prepare SCNF/Ag nanocomposites. The
SCNF/Ag nanocomposite aqueous solution was centrifuged three
times to clean the SCNF/Ag nanocomposite thoroughly. The
SCNF/Ag nanocomposite powder was prepared after being placed
in a vacuum drying oven at 70 °C for 24 h. SCNF prepared by low,
medium, and high charge and Ag nanocomposites were named L-
SCNF/Ag, M-SCNF/Ag, and H-SCNF/Ag.

Characterization of SCNF and SCNF/Ag nanocomposites

The surface morphology of SCNF and SCNF/Ag nanocomposites
was characterized by scanning electron microscopy (SEM, Hitachi
Regulus® Regulus 8220, Japan). The chemical composite of SCNF
and SCNF/Ag nanocomposites were examined with X-ray photo-
electron spectroscopy (XPS, ESCALAB Xi+, Thermo Fisher Scien-
tific, UK). The wide-angle X-ray diffractometry (WAXD, Bruker D8
ADVANC, Germany) was used to characterize the crystal structure
of SCNF and SCNF/Ag nanocomposites.

Preparation of composite nanofiltration membrane

SCNF/Ag nanocomposites with SCNFs with different charges and
SCNF were prepared into 0.01 wt% mixed solution with ionic
water and sonicated for 20 min, respectively. Then, 2.0 wt% PIP
aqueous solution was added to SCNF/Ag suspension and SCNF
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suspension, respectively. The inorganic phase was prepared after
sonication of the above solution for 20 min. Immerse the PES
support bottom layer in deionized water for at least 20 min to
saturate the membrane, then completely remove the surface
water on the PES support bottom layer with a rubber roller, and
stick the PES support bottom layer to the surface of a glass plate.
Pour the inorganic phase on the PES support bottom layer and
soaked it for 2 min. After the time was completed, removed the
excess solution on the bottom layer surface and air dry the
membrane at room temperature for 10 min until there were no
water droplets on the surface of the membrane. Finally, the PES
supporting bottom layer was immersed in 0.5 wt% TMC n-hexane
solution for 1min. After the time was completed, the PES
supporting bottom film was cured in an oven at 50°C for
10 min for further polymerization. After the IP process, the L-SCNF-
0.01, M-SCNF-0.01, H-SCNF-0.01, L-SCNF/Ag-0.01, M-SCNF/Ag-0.01,
and H-SCNF/Ag-0.01 NF membranes were prepared, respectively.
TFC NF membrane was prepared by the same IP method only with
20wt% PIP aqueous solution as an inorganic phase. The
conditions of membrane preparation in this experiment were
shown in Supplementary Table 1. The preparation process was
shown in Fig. 10.

Characterization of composite nanofiltration membrane

The chemical structure of the composite NF membrane was
studied using Fourier transform infrared (FTIR, Bruker ALPHA,
Germany). The spectra and the resolution were from 4000 to
600cm~" and 2cm™’, respectively. X-ray photoelectron spectro-
scopy (XPS, ESCALAB Xi+, Thermo Fisher Scientific, UK) was
equipped to analyze the surface elemental of the composite NF
membrane. The surface topography of the composite NF
membrane was analyzed by SEM (Hitachi Regulus® Regulus
8220, Japan) at 5kV. Samples were freeze-dried before testing
and coated with gold with a sputter coater. The surface roughness
of the composite NF membrane was characterized by atomic force
microscopy (AFM, Bruker Multimode 8, Germany). All NF
membrane samples were freeze-dried before testing. Contact
angle goniometer (LSA 100, LAUDA Scientific, Germany) measure-
ments for hydrophilicity of composite NF membrane.

Separation performance

The separation performance of the as-prepared composite NF
membrane was evaluated with a lab-scale cross-flow filtration
system. The effective area of the membrane was 12.56 cm? The
transmembrane pressure was fixed at 2 bar and the concentration
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Fig. 10 Preparation process of SCNF/Ag nanocomposites and SCNF/Ag composite NF membranes.
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of the feed salt solution was 1000 ppm. To reach stable membrane
performance before testing, the composite NF membrane was
pre-pressurized at 4bar for 2h at room temperature with
deionized water. The filtrate solution was collected after running
for 30 min under 2 bar. The concentration of filtrate was detected
by a conductivity meter (Rex DDS-307A, China). The permeate flux
(F, Lm~2h~") was calculated based on Eq. (1).
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Where V was the volume of the water permeate (L), A was the
effective area of the tested membrane (m?), and t was the time

interval between filtrate collection (h).
The salt rejection ration (R, %) was calculated based on Eq. (2).

R= (1—%>x100% ()
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Where C, was the concentration of filtered solution and Crwas the
concentration of feed solution.

Antibacterial test

E. coli (ECC 133264) was used as model bacteria to detect the
antibacterial activity of the composite NF membrane. Before testing,
the sample was sterilized under a UV lamp for one hour. The
antibacterial activity of the composite NF membrane was evaluated
by the AGAR plate bacteriostatic zone method. First, E. coli was
inoculated into an LB broth liquid medium and incubated at 37 °C for
one night. Then, the cultured bacterial suspension was centrifuged at
a speed of 2700 r/min for 10 min. After the supernatant was poured
out, LB broth liquid medium was used for dilution to obtain the
bacterial suspension. The resulting bacterial suspension was diluted
to approximately 105 bacterial formation units (CFU)/mL prior to use.
Take 50 mL of the above diluted bacterial suspension on the nutrient
AGAR plate, and smear it evenly on the nutrient AGAR plate with a
triangular coating stick. Then, the composite NF membrane samples
with diameters of 8 mm were placed on the nutritional AGAR plate.
When placed, the polyamide layer of the composite NF membrane
was in contact with the nutritional AGAR surface. Finally, the nutrient
AGAR plate was placed in a constant temperature incubator at 37 °C
for 24h, and the bacterial formation under the composite NF
membrane was detected.

Release test of Ag ion in composite nanofiltration membrane

The composite NF membrane was cut to a size of 5 cm?, immersed
in a beaker containing 20 mL of deionized water, and stirred at
50 rpm at room temperature. The solution was collected every
24 h and replaced with deionized water for 10 consecutive days.
The collected solution was acidified with 2.0 wt% HNOj solution,
and the Ag content was analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES). Then, a 5 cm? composite
NF membrane was immersed in 2.0wt% HNO; solution for
ultrasonic for 20 min to dissolve all Ag nanoparticles on the
membrane surface, and the Ag content was detected by ICP-OES.
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