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ABSTRACT

In recent years, using novel nanomaterials to improve the antifouling and antibacterial performance of reverse os-
mosis membranes has received much attention. In this study, hydrophilic Ag@ZnO-hyperbranched polyglycerols nano-
particles were fabricated by ring-opening multibranched polymerization of glycidyl acid with the core-shell Ag@ZnO
nanoparticles. The cellulose triacetate composite membranes were prepared by grafting Ag@ZnO-HPGs nanoparticles
on the surface of cellulose triacetate membranes. The surface of the nanoparticles with active functional group —OH was
confirmed by X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy. Surface morphology, charge,
and hydrophilicity of the composite membranes were characterized by scanning electron microscope, zeta potential, and
contact angle analysis. The results showed that grafting the Ag@ZnO-HPGs nanoparticles onto the cellulose triacetate
membrane surface improved the physical and chemical properties of the cellulose triacetate composite membranes. The
water flux of cellulose triacetate composite membranes increased while the salt rejection rate to NaCl slightly decreased.
Meanwhile, the cellulose triacetate composite membranes showed excellent antifouling properties of having a high flux
recovery. The antibacterial performance of the cellulose triacetate composite membrane against £. coli and S. aureus was
prominent that the antibacterial rates were 99.50% and 92.38%, and bacterial adhesion rates were as low as 19.12% and
21.35%, respectively.
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Reverse osmosis (RO) technology, as an advanced technology
for wastewater treatment and seawater desalination, has received con-
tinuous and extensive attention due to its efficient removal of small
molecules and salt ions and is considered to be an effective way to
solve the current water shortage!!!. Whereas, the RO membrane is
polluted inevitably by a variety of organics, inorganic matters, col-
loids, and microorganisms in the practical application process*>l.
These substances are adsorbed and deposited on the RO membrane
surface, leading to a decrease in permeate flux and an increase in op-
erating pressure. Membrane fouling increases the costs of operation
and maintenance and limits the application and development of RO
membranes!®],

In previous research, the RO membrane with the surface charac-
teristics of high hydrophilicity and neutral charge shows remarkable
antifouling performance because the interaction between pollutant



and membrane surface is reduced’®’”*), Two mainly
common modification methods for membrane sur-
face are surface coating and surface grafting®!%. The
surface coating method is simply coating with a layer
of hydrophilic polymer on the membrane surface.
Although the preparation process of the surface coat-
ing method is very simple, the coating is gradually
washed off during subsequent application since no
chemical bond between the modifier and the mem-
brane surface!!!l. Different from the surface coating
method, surface grafting anchored the modifier on
the membrane surface through a chemical reaction,
which provides the possibility for long-term and sta-
ble practical operation and endows the membrane
with long-term and effective antifouling perfor-
mance.

In recent years, nanocomposite membranes
consisting of polymers and inorganic or organic na-
nomaterials have been widely developed for modify-
ing RO membranes. The permeability, selectivity,
and stability of composite membranes were im-
proved by introducing the inorganic nanomaterials
into polymer membranes. The composite mem-
branes have even gained excellent fouling perfor-
mance by selecting an appropriate nanomaterial. Na-
nomaterials have been reported including silver
(Ag)"?, copper!'?, titanium dioxide!', silicon diox-

1617 and graphene quantum

ide!"), graphene oxide!
dots!"8, Ag nanoparticles, as one of the most com-
mon antibacterial nanomaterials, were applied in
many studies to improve the antifouling performance
of separation membranes and could be modified to

19211 Researchers conducted

obtain better properties!
several studies that showed the great potential of Ag
NPS in areas such as antimicrobial action and the

22251 However, in-

degradation of organic pollutants!
organic nanomaterials generally have poor hydro-
philicity and need further modification.
Hyperbranched polyglycerols (HPGs) have the
hydrophilic structure of polyether polyols and are
one of the most popular hyperbranched polymers.
HPGs with highly active functional hydroxyl termi-
nal groups are easily synthesized in one reactor on a
large scale and show good water solubility!*2%!. In
addition, HPGs have received extensive attention in

the field of antifouling surface modification due to

their dendritic structure, low toxicity, stable chemi-
cal properties, easy-to-be synthetic, and good hydro-
philicity?*2],

In our previous research, hydrophobic sil-
ver@zinc oxide (Ag@ZnO) nanoparticles with the
core-shell structure were synthesized™".. On this ba-
sis, in this study, hydrophilic Ag@ZnO-hyper-
branched polyglycerols (HPGs) nanoparticles with a
surface layer of HPGs were prepared by ring-open-
ing multi-branched polymerization of glycidyl. The
CTA composite membranes were fabricated by graft-
ing Ag@ZnO-HPGs nanoparticles on the CTA RO
membrane surface with bonding sites of acyl chlo-
ride groups. Ring-opening multi-branched polymer-
ization has the advantages of easy handling and high
yieldsP!. The morphology, size, crystal structure,
and surface chemical composition of the nanoparti-
cles were studied in detail. The effects of Ag@ZnO-
HPGs nanoparticles on the hydrophilicity, surface
charge, surface morphology, and permeability of the
CTA composite membranes were systematically an-
alyzed. The antifouling performance of the compo-
site membranes was evaluated with BSA as a model
foulant. Finally, E. coli and S. aureus were used as
microbial models to investigate the antibacterial
properties of the composite membrane, and the long-
term release of Ag” was evaluated. This work sug-
gested a modification of the RO membrane for long-
term use and provided a research way for the devel-
opment of an antifouling RO membrane with high
performance.

2. Experimental
2.1 Materials

Hollow fiber cellulose triacetate (CTA) reverse
osmosis membranes (outside diameter = 400 um, in-
side diameter = 200 um, thickness = 100 pm) were
provided by Tianjin Motimo Membrane Technology
Co. Ltd. (Tianjin, China). Silver acetate, zinc acety-
lacetonate, oleyl amine, glycidol, succinyl chloride,
and bovine serum albumin (BSA) were supplied by
Aladdin Chemistry Co. Ltd. (Shanghai, China). 1-
dodecanol, ethyl alcohol, n-hexane, methylbenzene,
triethylamine, and nitric acid were obtained from
Kemiou Fine Chemical Research Institute (Tianjin,
China). Sodium chloride (NaCl) and acetone were



supplied by Fengchuan Fine Chemical Research In-
stitute (Tianjin, China). E. coli and S. aureus were
used for the anti-bacterial experiments and were sup-
plied by Tianjin Medical University (Tianjin, China).
Phosphate buffer saline (PBS, pH = 7.4) solution was
prepared with the following salts (NaCl: 8.00 g/L,
KCI: 0.20 g/L, Na,HPOs: 1.56 g/L and KH,PO4: 0.20
g/L) which were obtained from Fengchuan Fine
Chemical Research Institute (Tianjin, China). Yeast
extract was purchased from Guangfu Technology
Development Co. Ltd. (Tianjin, China). Peptone and
agar were provided by Beijing Aoboxing Bio-tech
Co. Ltd. (Beijing, China). All chemicals were used
as received. In the above experimental materials,
BSA, yeast extract, peptone, and agar powder were
pure as biological reagents, while the rest of the rea-
gents were analytically pure and were not further pu-
rified in the process of use.

2.2 Synthesis of Ag@ZnO and Ag@ZnO-
HPGs nanoparticles

The core-shell Ag@ZnO nanoparticles were
synthesized by a two-step method®®”. First, 1-do-
decyl alcohol (50 mL) and oleyl amine (10 mL) were
mixed in a 250 mL three-neck flask under stirring
and heated to 210 °C. After adding silver acetate
(0.55 g), the reaction lasted for 1 h before cooling to
140 °C, and then zinc acetylacetone (1.32 g) was
added to the mixture and continued the reaction for
another 2 h. The dark brown mixture was cooled to

room temperature and precipitated by adding ethanol.
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The sediments were collected by centrifugation (ro-
tational speed was 10,000 r/min), which were further
purified by washing with hexane and ethanol 2-3
times. Finally, the dispersion of the hydrophilic
Ag@ZnO nanoparticles was obtained by dispersing
the product in hexane. The powder of Ag@ZnO na-
noparticles was obtained after drying in a vacuum
oven at 100 °C for 24 h.

Ag@ZnO-HPGs nanoparticle was prepared by
grafting HPGs over the Ag@ZnO nanoparticles via
ring-opening multibranched polymerization, as
shown in Figure 1. First, 1-dodecyl alcohol (50 mL)
and oleyl amine (10 mL) were mixed in a 250 mL
three-neck flask under stirring and heated to 210 °C.
After adding silver acetate (0.55 g), the reaction
lasted for 1 h before cooling to 140 °C, and then zinc
acetylacetone (1.32 g) was to the mixture and con-
tinued the reaction for another 2 h. The mixture was
cooled down to 120 °C and glycidyl was added
slowly. The reaction was performed for 12 h under
the N, atmosphere after the temperature no longer
changed. The brown mixture was cooled to room
temperature and precipitated by adding acetone. The
sediments were collected by centrifugation (rota-
tional speed was 8,000 r/min), which were further
purified by washing with water. The suspension so-
lution was extracted by centrifugation (rotational
speed was 6,000 r/min) and added acetone to precip-
itate again. The sediments were collected by centrif-
ugation (rotational speed was 8,000 r/min) and dried
in a vacuum oven at 100 °C for 24 h to obtain
Ag@ZnO-HPGs nanoparticles.

J
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Figure 1. Reaction scheme for the synthesis of Ag@ZnO and Ag@ZnO-HPGs nanoparticles.

2.3 Preparation of CTA composite mem-
brane

CTA hollow fiber membranes were cut into 30
cm in length and dried at room temperature for 24 h
before sealing the ends with epoxy resin. The CTA

hollow fiber membrane was immersed in succinyl
chloride/toluene solution with different concentra-
tions at 50 °C for 15 min. The excess solution was
removed before the membrane was soaked in the
Ag@ZnO-HPGs/triethylamine aqueous solution for



5 min at 30 °C. Triethylamine was an acid-binding
agent and acted as a catalyst. After draining the ex-
cess aqueous solution, the membrane was undergone
heat treatment in an oven at 60 °C for 5 min. Finally,
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the CTA composite membrane was fabricated and
immersed in deionized water for 24 h before meas-
uring. The specific process of the modification was
shown in Figure 2.

CTA composite membrane

"
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Figure 2. Schematic diagram for the modification process of CTA composite membranes.

2.4 Characterizations of Ag@ZnO and
Ag@ZnO-HPGs nanoparticles

The chemical structures of Ag@ZnO and
Ag@ZnO-HPGs nanoparticles were characterized
by an ultraviolet-visible spectrometer (UV-vis spec-
trometer, UH4150, Hitachi, Japan) and Fourier trans-
form infrared spectroscopy (FTIR, Nicolet iS50,
Thermo Fisher Scientific, USA). The crystal struc-
tures of the nanoparticles were analyzed by X-ray
diffraction (XRD, Ultima IV, Rigaku Corporation,
Japan) with 26 ranging from 10° to 80° (scanning
speed: 2° min!). To characterize the morphology of
the nanoparticles, samples were prepared by drying
a drop of the suspension of Ag@ZnO nanoparticles
in hexane or Ag@ZnO-HPGs nanoparticles or dopa-
mine-modified Ag@ZnO nanoparticles in deionized
water on 230 mesh ultra-thin amorphous carbon-
coated copper grids and measured by transmission
electron microscopy (TEM, H7650, Hitachi, Japan).
Ag@ZnO nanoparticles were transferred from n-
hexane to water by using dopamine. Dissolve 20 mL
of dopamine hydrochloride in 4 mL water, and adjust
pH to neutral with NaOH solution. Then the solution
was into the nanoparticle dispersion, and the mixture
was stirred overnight at room temperature. The mix-
ture was precipitated by adding ethanol. The sedi-
ments were collected by centrifugation, which was

further purified by washing with water and ethanol
2-3 times. Finally, the dispersion of the dopamine-
modified Ag@ZnO nanoparticles was obtained by
dispersing the product in water and preserving it in a
dark place at room temperature for 30 days before
analysis. The size of the nanoparticles was carried
out using a dynamic light scattering particle size an-
alyzer (DLS, LB-550, Horiba Company, Japan) to
test the suspension of Ag@ZnO nanoparticles in
hexane or Ag@ZnO-HPGs nanoparticles in deion-
ized (DI) water. The thermal degradation process
was carried out by a thermal gravimetric analyzer
(TGA, STA449F3, Netzsch Company, Germany)
with a temperature ranging from 80 °C to 800 °C
(heating speed: 10 °C min') under N, atmosphere.
In addition, the elemental contents were analyzed by
X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific, USA) with a monochromatic Al Ka
X-ray source (1486.6 eV photons). To measure the
contents of Ag and Zn of Ag@ZnO-HPGs nanopar-
ticles, Ag@ZnO-HPGs nanoparticles (20 mg) in 5%
HNO; aqueous solution (20 mL) were completely
dissolved with ultrasonic for 30 min and detected by
inductively coupled plasma optical emission spec-
trometer (ICP-OES, 725ES, Agilent Company,
USA).



2.5 Characterization of membranes

The surface morphologies of the membranes
were observed by scanning electron microscope
(SEM, Gemini SEM500, ZEISS Company, Ger-
many) operating at 10 kV, and the specimens were
sputter-coated with gold. Automatic contact angle
measurement (DSA30S, KRUSS GmbH Co., Ger-
many) was used to evaluate the surface hydrophilic-
ity of the membranes by microtitration system at
25 °C and 50% relative humidity. The resulting con-
tact angle and standard deviation are based on 5
measurements per sample at least. The electronega-
tivity of the membrane surface was measured by a
solid surface zeta potential analyzer (SURPASS-3,
Anton Paar GmbH, Austria). The feed solution was
0.001 M KCI at 25 °C and used sodium hydroxide
(NaOH) or hydrochloric acid (HCI) solution to adjust
the pH value during the measurement.

2.6 Evaluation of membrane performance

The self-made filtration apparatus was used to
evaluate the separation performance of the mem-
branes by cross-flow filtration. The water flux and
salt rejection to NaCl of the membranes were esti-
mated with an aqueous solution of NaCl at a concen-
tration of 2,000 mg/L at 1.5 MPa and 25 °C. The con-
ductivity meter (FE38, Mettler Toledo Co., Ltd.,
Switzerland) was used to measure the electrical con-
ductivities of feed and permeate solutions. Evalua-
tions of water flux (J,, LMH) and salt rejection to
NaCl (R) were as follows.

v
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where V is the volume of the collected permeate (L),
A is the effective area of the membrane (m?), and ¢ is
the permeation time. C, and Crare the solute concen-
trations in permeate and feed solutions, respec-
tivelyl®l,

2.7 Assessment of membrane antifouling and
anti-bacterial properties
2.7.1 Antifouling property

The antifouling performance of the membrane

was detected by using the filtration apparatus with
BSA as the model foulant at 25 °C. For this filtration
test, the membrane was pre-compacted with DI wa-
ter for 0.5 h at 1.5 MPa before testing. To obtain a
stable initial pure water flux, the membrane was fil-
tered for 1 h using DI water at 1.5 MPa. Then, BSA
solution (1 g/L) was used as feed solution to filter for
8 h at 1.5 MPa, followed by forward washing with
DI water at 0.4 MPa for 10 min before filtration for
1 h at 1.5 MPa. The flux was measured every 10 min
in the filtration of DI water while the flux was meas-
ured every 30 min in the filtration of BSA solution.
The initial flux of DI water was recorded as Jyo, and
all fluxes obtained were normalized.

2.7.2 Anti-bacterial property
Bacterial activity

The antibacterial properties of the membranes
were investigated by using Gram-negative E. coli
and Gram-positive S. aureus as microbial models.
Bacterial suspensions with a concentration of 4 x 10’
CFU/mL were diluted with PBS solution (pH = 7.4)
to 4 x 10° CFU/mL. After UV sterilization, 2.5 cm-
long hollow fiber membranes were immersed in 20
mL bacterial suspension and cultured for 24 h at
37 °C. The concentration of bacterial suspension was
taken to test its absorbance by using a microplate
spectrophotometer at a wavelength of 600 nm and
bacterial activity was calculated by Equation (3).

A
Bacterial viability = ™ X 100%
0

3)
where 4o and A4 are the absorbances of the bacterial
solution before and after adding the membrane, re-
spectively!™10],

Bacterial adhesion

The bacterial suspension (2 mL) at a concentra-
tion of 4 x 108 CFU/mL was centrifuged at 2,700 rpm
for 10 min to remove the supernatants. After two
times washing with PBS solution, bacterial suspen-
sion with a concentration of 4 x 10" CFU/mL was
obtained by dilution with PBS solution. Twenty hol-
low fiber membranes 2.5 cm in length were sterilized
by UV before being immersed in 20 mL bacterial
suspension, followed by cultivation for 4 h at
37 °Cl,

Five hollow fiber membranes were taken from



the bacterial suspension to soak in the aqueous solu-
tion of 3% glutaraldehyde for 8 h at 4 °C, followed
by dehydration with 25%, 50%, 75%, and 100% cth-
anol, respectively. After drying at room temperature,
the morphology of bacteria on the surface of the
membranes was observed by SEM.

After washing the remaining membranes with
PBS solution, membranes were divided into 3 groups
(5 membranes in each group) and steeped in 4 mL of
PBS solution. To release the bacteria attached to the
membrane surface, the solution with the sample was
treated with ultrasonic for 7 min, and shaken for 30
s to obtain bacterial suspension. After dilution with
PBS solution, the plate smearing method was carried
out to count the number of bacterial cells, and the
average value was calculated. The membrane with-
out nanoparticles was the control group, and the ad-
hesion rate of it was regarded as 100%. Evaluations
of bacterial adhesion rate was as follows.

B
Adhesion rate = B X 100%
0

“4)
where By and B are the number of bacterial cells of
the control group and CTA composite membrane, re-

spectively?>-32],

2.8 Releasing of silver ions (Ag") from the
CTA composite membrane

To assess the releasing rate of Ag* from the CTA
composite membrane, one hundred M3 composite
membranes 2.5 c¢cm in length were put in a bottle
wrapped in tinfoil. After adding 20 mL DI water, the
bottle was placed in a thermostatic incubator shaker
at 120 rpm and 37 °C, and DI water to replace the
solution every 24 h. The solution collected daily was
acidified with 5% HNOs aqueous solution before us-
ing inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7700, Agilent Company, USA) to
detect the Ag content of the solution. Ag” content per
liter of permeate solution was calculated by

_ CexvV
Cag = 225 Iy XS
(5)
The released amount of Ag"™ per membrane area

was calculated by
Ce XV
he =

(6)

where C, is the concentration of Ag" in the solution
collected daily, ¥ is the total volume of solution col-
lected, S is the effective area of one hundred 2.5 cm-
long membranes, and J,, is the water flux of the mem-
brane.

One hundred M3 composite membranes 2.5 cm
in length were put in a bottle wrapped in tinfoil. After
adding 20 mL of 5% HNOs; aqueous solution, the
bottle was treated by ultrasonic for 30 min to release
the total Ag of membranes.

3. Results and discussion

3.1 Characterization of Ag@ZnO and
Ag@ZnO-HPGs nanoparticles

Figure 3a showed the UV-vis absorption spec-
tra of Ag, ZnO, Ag@ZnO, and Ag@ZnO-HPGs na-
noparticles. The UV absorption peak of pure Ag and
Ag in Ag@ZnO nanoparticles occurred at 405 nm,
while the peak in Ag@ZnO-HPGs nanoparticles oc-
curred at 433 nm. A red shift of the characteristic ab-
sorption peak indicated that the particle size of
Ag@ZnO-HPGs nanoparticles was larger than that
of Ag@ZnO nanoparticles™. Meanwhile, the UV
absorption peaks of pure ZnO and ZnO in Ag@ZnO
and Ag@ZnO-HPGs nanoparticles both appeared at
361 nm.

Figure 3b showed the XRD patterns of
Ag@ZnO and Ag@ZnO-HPGs nanoparticles. The
XRD pattern of Ag@ZnO nanoparticles was ob-
served with a wide peak at 38.1°, which was the dif-
fraction peak of Ag (111) due to the tiny size of the
nanoparticles. However, no obvious diffraction peak
was found at other positions, and a wide diffraction
peak occurred at the low diffraction angle because of
amorphous ZnO, which was similar to the XRD pat-
tern of Ag@Fe>O; nanoparticles with amorphous
Fe,0; reported by Chen et al.*3). Four characteristic
diffraction peaks of Ag and seven characteristic
peaks of ZnO were found in the XRD patterns of
Ag@ZnO-HPGs nanoparticles, which were matched
with the JCPDS cards of silver and zincite (JCPDS,
No. 04-0783 and JCPDS, No. 36-1451), respectively.
Moreover, the wide peak of ZnO near 27° was
shifted to 24°, which confirmed that HPGs were
grafted on the ZnO shell®¥. The results of XRD pat-
terns indicated that part of ZnO would change from



an amorphous state to a crystal state during the pro-
cess of grafting HPGs.

Figure 3¢ showed the FTIR spectra of
Ag@ZnO and Ag@ZnO-HPGs nanoparticles. As
shown in FTIR spectra of Ag@ZnO nanoparticles,
the peak at 3,360 cm™! was stretching vibration of
—OH from the surface of ZnO and —NH of oleyl
amine. The peaks at 1,460 cm™', 2,850 cm ™!, 2,920
and 2,950 cm™! were —CH. in-plane bending
—CH»
stretching vibration, and =C—H stretching vibration,

cm’,
vibration, symmetric and antisymmetric
respectively. The peak of =C—H in-plane bending vi-
bration and peak of C-N vibration overlapped at
1,410 cm™!. The peak at 1,570 cm™! could be due to
the C=C stretching vibration. The FTIR spectra of

Absorbance

300 400 500 60(
Wavelength(nm)

Ag@ZnO

Ag@ZNnO-HPGs

Transmittance

3500 3000 2500 2000 1500 1000

Wavenumberqcm'1 )

Ag@ZnO nanoparticles only showed the vibration
peak of oleyl amine since oleyl amine was a capping
agent of Ag@ZnO nanoparticles. Nevertheless, the
peak of —OH at 3,440 cm™! became stronger, and the
peak appeared at 1,380 cm™' for ~OH bending
stretching, as shown in the FTIR spectra of
Ag@ZnO-HPGs nanoparticles. New peaks at 1,090
and 1,040 cm™' for C-O—C antisymmetric and sym-
metric stretching vibration were observed while the
characteristic peak of oleyl amine disappeared. The
results indicated that HPGs were successfully
grafted on the surface of Ag@ZnO nanoparticles,
and Ag@ZnO-HPGs nanoparticles contained large
amounts of C—-O—C and —OH, as illustrated in Figure
3d.
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Figure 3. (a) UV-vis absorption spectra; (b) XRD patterns; (¢) FTIR spectra of Ag@ZnO and Ag@ZnO-HPGs nanoparticles; and (d)

schematic illustration of Ag@ZnO-HPGs nanoparticles.

The size and morphology of Ag@ZnO and
Ag@ZnO-HPGs nanoparticles were observed by
TEM, as shown in Figure 4a. The hydrophobic
Ag@ZnO nanoparticles had good dispersion in n-
hexane with a diameter from 6 to 16 nm. The core-
shell structure of Ag@ZnO nanoparticles had been
demonstrated in a previous study of our research
groupl®¥!
Ag@ZnO nanoparticles after storing in water for 30
days, with some hollow ZnO shells, indicated that

. The TEM image of dopamine-modified

Ag ions were released through the shell of the amor-
phous ZnO. After surface grafting of HPGs,
Ag@ZnO-HPGs nanoparticles with a diameter from
20 to 50 nm were changed to be hydrophilic and

showed excellent dispersibility in DI water. However,

the agglomeration of Ag@ZnO-HPGs nanoparticles

in water was more serious than that of Ag@ZnO na-
noparticles in n-hexane.

Figure 4b showed the size distributions of
Ag@ZnO and Ag@ZnO-HPGs nanoparticles meas-
ured by DLS. The size distributions of the particles
were narrow, and the size distribution of Ag@ZnO
nanoparticles was narrower than that of Ag@ZnO-
HPGs nanoparticles. The size distribution range of
Ag@ZnO nanoparticles was from 5 to 21 nm with an
average particle size of 11.07 nm in n-hexane, while
the size distribution range of Ag@ZnO-HPGs nano-
particles was from 38 to 68 nm with an average par-
ticle size of 51.65 nm in DI water. Therefore, the av-
erage thickness of the HPGs layer for Ag@ZnO-
HPGs nanoparticles was 20.97 nm.

The thermal degradation process of Ag@ZnO



and Ag@ZnO-HPGs nanoparticles was examined by
TGA. As shown in Figure 4c, TGA thermograms of
Ag@ZnO nanoparticles were observed that the
weight loss at 200 °C, 353 °C, and 800 °C was 0.81%,
4.18%, and 9.79%, respectively, which was mainly
attributed to the evaporation of organic solvents and
water molecules, the loss of —OH from amorphous

ZnO and the degradation of oleyl amine. In addition,
for Ag@ZnO-HPGs nanoparticles, due to the evapo-
ration of adsorbed water and bound water in particles,
the weight loss rate at 250 °C was 5.07%. The weight
loss in the temperature range of 250-550 °C was re-
lated to the degradation of HPGs, and the weight loss
rate was 18.96%.
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Figure 4. (a) TEM images of Ag@ZnO, dopamine-modified Ag@ZnO (after storing in water for 30 days) and Ag@ZnO-HPGs na-
noparticles; (b) size distribution; and (¢) TGA thermograms of Ag@ZnO and Ag@ZnO-HPGs nanoparticles.

Figure 5 showed the XPS O 1s spectra of
Ag@ZnO and Ag@ZnO-HPGs nanoparticles. Both
nanoparticles had only one absorption peak of O at
529.7 eV, corresponding to the lattice oxygen of ZnO
in Ag@ZnO nanoparticles. However, the absorption
peak of O at 532.3 eV corresponded to the C-O of
HPGs in Ag@ZnO-HPGs nanoparticles. The results
proved that the surface of Ag@ZnO was grafted with
a layer of HPGs. Besides, in Table 1, compared with

Ag@ZnO

Intensity (a.u)
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Bending Energy (eV)

Ag@ZnO nanoparticles, the elemental percentages
of C and O in Ag@ZnO-HPGs nanoparticles signif-
icantly increased while the elemental percentages of
Zn and Ag were extremely low. Since the measuring
depth of XPS was less than 10 nm, the data of TEM
and DLS showed that the thickness of the HPGs
layer was greater than 10 nm, which exceeds the de-
tection limit of XPS.

Ag@ZnO-HPGs

Intensity (a.u)
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Figure 5. (a) XPS O 1s spectra of Ag@ZnO; and (b) Ag@ZnO-HPGs nanoparticles.



Table 1. The surface elemental percentage for Ag@ZnO and Ag@ZnO-HPGs nanoparticles is based on XPS spectra.

Nanoparticles C (at%) O (at%) Zn (at%) Ag (at%) N (at%)
Ag@ZnO 41.06 19.16 28.79 4.76 6.23
Ag@ZnO-HPGs 72.56 26.45 0.84 0.14 -

Therefore, to explore the elemental percentage
of Ag and Zn for Ag@ZnO-HPGs nanoparticles, fur-
ther investigation was necessary due to the unreliable
result of XPS. The percent contents of Ag and Zn in
Ag@ZnO-HPGs nanoparticles were determined by
ICP-OES after digestion with HNO;. The percent
contents of Ag and Zn in Ag@ZnO-HPGs nanopar-
ticles were 4.40 w/w% and 32.17 w/w%, respectively.

3.2 Effect of the concentrations of succinyl
chloride on the nanoparticles grafting on the
membrane surface

To explore the influence of different concentra-
tions of succinyl chloride on the grafting degree of
Ag@ZnO-HPGs nanoparticles on the surface of the
CTA membrane, the CTA composite membrane was
prepared according to the reaction conditions in Ta-
ble 2, and the surface morphology of the CTA com-
posite membrane was observed by SEM. Figure 6
showed the surface SEM images of CTA composite

membranes with different concentrations of succinyl
chloride. The granular spheres that appeared on the
surface of the CTA composite membrane were
Ag@ZnO-HPGs nanoparticles which were grafted
on the membrane surface via succinyl chloride. The
number of granular spheres on the surface of the CTA
composite membrane increased with the increase of
succinyl chloride concentration, indicating that the
more Ag@ZnO-HPGs nanoparticles grafted on the
membrane surface, the higher the degree of grafting.
The number of nanoparticles on the surface of the
SC4 and SC5 CTA composite membranes were sim-
ilar, but the agglomeration of nanoparticles on the
surface of the SC5 CTA composite membrane was
more likely. Therefore, the concentration of succinyl
chloride at 1 wt% was selected for grafting in the
subsequent preparation of composite membranes due

to the uniform dispersion of nanoparticles on the sur-
face of the SC4 membrane.

Figure 6. Surface SEM images of CTA composite membranes with different concentrations of succinyl chloride.

Table 2. Reaction conditions of CTA composite membranes with different concentrations of succinyl chloride.

Membrane Succinyl chloride (wt%) Ag@zno-hpgs (Wt%) Triethylamine (wt%)
SC1 0.25 0.1 0.15
SC2 0.5 0.1 0.15
SC3 0.75 0.1 0.15
SC4 1 0.1 0.15
SC5 1.25 0.1 0.15




3.3 Effect of the concentrations of triethyla-
mine on the nanoparticles grafting on the
membrane surface

The CTA composite membrane was prepared
under the reaction conditions in Table 3, and the ef-
fect of different concentrations of triethylamine on
the grafting degree of Ag@ZnO-HPGs nanoparticles
on the surface of the CTA membrane was further in-
vestigated by SEM. Figure 7 showed the surface
SEM images of CTA composite membranes with dif-
ferent concentrations of triethylamine. With the in-
creased concentration of triethylamine, the number

of granular spheres on the membrane surface grew.
At a mass ratio of Ag@ZnO-HPGs nanoparticles to
triethylamine equal to or larger than 1:2, the nano-
particles began to distribute unevenly on the mem-
brane surface, and the further increase of the mass
ratio would affect the surface structure of the CTA
composite membrane. Hence, the mass ratio of
Ag@ZnO-HPGs nanoparticles to triethylamine was
1:1.5 for the subsequent preparation of the composite
membranes.

Table 3. Reaction conditions of CTA composite membranes with different concentrations of triethylamine.

Membrane Succinyl chloride (Wt%)  Ag@zno-hpgs (Wt%) Triethylamine (wt%)
T1 1 0.1 0.1

T2 1 0.1 0.15

T3 1 0.1 0.2

T4 1 0.1 0.25

T5 1 0.1 0.3

Figure 7. Surface SEM images of CTA composite membranes with different concentrations of triethylamine.

3.4 Characterization of CTA composite
membranes

The reaction conditions for the preparation of
CTA composite membranes with different concen-
trations of Ag@ZnO-HPGs nanoparticles were de-
termined by the results in Section 3.2 and Section 3.3,
as shown in Table 4.

Figure 8 showed the surface SEM images of the
CTA composite membranes with different concen-
trations of Ag@ZnO-HPGs nanoparticles. The sur-
face of the pristine CTA membrane was smooth,
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while a large number of granular spheres appeared
on the surface of the CTA composite membranes.
The small granular spheres were Ag@ZnO-HPGs
nanoparticles with a diameter of about 50 nm, as
shown in the locally enlarged image of Figure 8. The
number of nanoparticles on the surface of the CTA
composite membranes increased with the incremen-
tal concentration of the nanoparticles. Too high con-
centrations of nanoparticles would lead to aggrega-
tion and uneven distribution of nanoparticles on the
membrane surface, such as the M4 membrane.



Table 4. Reaction conditions of CTA composite membranes with different concentrations of Ag@ZnO-HPGs nanoparticles.

Membrane Succinyl chloride (Wt%) Ag@zno-hpgs (Wt%) Triethylamine (wt%)
CTA - - -

M1 1 0.05 0.075

M2 1 0.1 0.15

M3 1 0.2 0.3

M4 1 0.3 0.45

The surface water contact angle of CTA compo-
site membranes was shown in Figure 9a. The water
contact angle of the pristine CTA membrane was
76.62° £ 2.45°. With the increased concentration of
Ag@ZnO-HPGs nanoparticles, the water contact an-
gle of CTA composite membranes augmented at first
and then declined. The water contact angles of M1,
M2, M3 and M4 membranes were 79.87°, 78.2°,
76.03° and 75.76°, respectively. Nanoparticles were
grafted onto the surface of the CTA membrane via
succinyl chloride, as shown in Figure 1. The hy-
droxyl groups on the membrane surface were trans-
formed into acyl chloride groups by grafting succinyl
chloride, followed by a reaction with hydroxyl
groups of Ag@ZnO-HPGs nanoparticles to obtain
CTA composite membranes. However, the remanent
unreacted acyl chloride groups on the membrane sur-
face converted into carboxyl groups in water, and the
number of carboxyl groups decreased with the in-
creased grafting degree of nanoparticles. Since the
surface of nanoparticles was filled with hydroxyl
groups, the number of hydroxyl groups on the sur-
face of the CTA composite membrane increased
while the number of carboxyl groups decreased with
the increased grafting degree of nanoparticles. This
would lead to the reduction of water contact angle

Figure 8. Surface SEM images of CTA composite membranes.
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and the enhancement of hydrophilicity. Therefore,
the water contact angle of CTA composite mem-
branes increased firstly and then declined with the
rising concentration of nanoparticles, grafting a great
many Ag@ZnO-HPGs nanoparticles was beneficial
to improve the surface hydrophilicity of CTA com-
posite membranes.

The separation performance of the RO mem-
brane was usually related to its surface electronega-
tivity, and the surface zeta potential of CTA compo-
site membranes were shown in Figure 9b. The zeta
potential of pristine CTA and CTA composite mem-
branes decreased with the increase in pH. The isoe-
lectric point of pristine CTA membrane was 4.05,
while those of M1, M2, M3, and M4 membranes
were 3.49, 3.42, 3.96, and 4.10, respectively. Due to
the combined effects from carboxyl groups of CTA
composite membrane and hydroxyl group of
Ag@ZnO-HPGs nanoparticles, the isoelectric point
of CTA composite membranes decreased at first and
then increased. The acyl chloride groups of the CTA
composite membrane were consumed by Ag@ZnO-
HPGs nanoparticles. Thus, the carboxyl groups de-
creased and the zeta potential of CTA composite
membranes increased with the increased concentra-
tion of nanoparticles at a pH value equal to 7.



920

Water contact angle (degree)
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Figure 9. (a) surface water contact angle; and (b) surface zeta potential of CTA composite membranes.

3.5 Membrane performance

The effect of the concentration of Ag@ZnO-
HPGs nanoparticles on the separation performance
of CTA composite membranes was shown in Figure
10a. The water flux and NaCl rejection of pristine
CTA membrane were 9.20 LMH and 93.06% respec-
tively. With the increase of nanoparticle concentra-
tion, the water flux of CTA composite membranes
decreased first and then increased, which was oppo-
site to the changing trend of the water contact angle.
The water fluxes of M1, M2, M3, and M4 composite
membranes were 8.89, 9.51, 10.65, and 13.95 LMH,
respectively. However, the changing trend of salt re-
jection was opposite to that of water flux, and the
NaCl rejections of M1, M2, M3, and M4 membranes
were 93.12%, 92.81%, 91.10%, and 87.34%, respec-
tively. The water flux increased with the amounts of
nanoparticles, due to the enhancement of hydro-
philicity of the CTA composite membranes effected

by the introduction of Ag@ZnO-HPGs nanoparticles.

Meanwhile, the salt rejection decreased with the
number of nanoparticles, which was caused by the
corrosivity of triethylamine!®*, Triethylamine would
break down the hydrogen bonds among the amor-
phous region of CTA. This led to the augmentation
of the transition channel of the membrane, thus de-
creasing the salt rejection, as well as enhancing the
water flux. When the concentration of triethylamine
was too high, the salt rejections of CTA composite
membranes were severely affected, such as M4
membranes.

To evaluate the antifouling performance of the
CTA composite membrane, the normalized flux var-
iation of membranes during BSA filtration was de-
tected by using BSA as a model foulant, as shown in
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Figure 10b. The pollutant was gradually deposited
and adsorbed on the membrane surface over time
during BSA filtration, which caused the flux of CTA
membranes to be less than that during water filtration.
As time went by, the normalized flux became lower,
and the fouling degree of the membrane surface was
getting more serious. After an 8 h BSA filtration, the
normalized fluxes of CTA, M1, M2, M3, and M4
membranes were 0.74, 0.72, 0.82, 0.81, and 0.82, re-
spectively. Then, after forward washing with DI wa-
ter for 10 min, the normalized fluxes of CTA compo-
site membranes recovered, especially of M2, M3,
and M4 composite membranes. The influences of
Ag@ZnO-HPGs nanoparticles on the antifouling
performance of the membranes were basically due to
the following reasons. One was that the membrane
surface approached electrically neutral, which was
good for reducing the adsorption of pollutants. Sec-
ond, a large number of Ag@ZnO-HPGs nanoparti-
cles with abundant hydroxyl groups loaded on the
membrane surface made it easy to form a water film
on the membrane surface. Furthermore, Ag@ZnO-
HPGs nanoparticles were grafted on the membrane
surface via succinyl chloride so that space existed be-
tween the nanoparticles and the membrane.
Ag@ZnO-HPGs nanoparticles shook with the water
flow on the membrane surface, which is more con-
ducive to removing the pollutant during forward
washing. After 600 min filtration, the normalized
fluxes of CTA, M1, M2, M3, and M4 membranes
were 0.83, 0.79, 0.94, 0.98, and 0.94, respectively.
M4 composite membrane showed the best fouling re-
sistance with a flux recovery rate of 97.69%.
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Figure 10. (a) water flux and salt rejection of CTA composite membranes with different amounts of Ag@ZnO-OAc nanoparticles
(feed solution: 2000 mg/L NaCl); and (b) time-dependent normalized flux of CTA composite membranes during BSA filtration.

E. coli and S. aureus were used as microbial
models to assess the antibacterial properties of CTA
composite membranes by bacterial activity and ad-
hesion experiments. As shown in Figure 11a, the
bacterial activity decreased, and the antibacterial ef-
fect of the CTA composite membrane on E. coli and
S. aureus became more significant with the increase
of Ag@ZnO-HPGs nanoparticles concentration. The
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antibacterial rates of M3 and M4 composite mem-
branes to E. coli were above 99.50%, while the anti-
bacterial rates of them to S. aureus were 92.38% and
99.88%, respectively. The hydroxyl radicals and re-
active oxygen species generated by ZnOP% and Agl7!
gave the CTA composite membranes such excellent
antibacterial properties.
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Figure 11. (a) bacterial viability; (b) viable adherent fractions of the CTA composite membranes; and (¢) SEM images of the CTA
composite membrane surfaces after exposure to E. coli or S. aureus (5 x 107 cells mL ™) for 4 h.

Figure 11b showed the bacterial adhesion rates
on the surface of CTA composite membranes. With
the increased concentration of nanoparticles, the vi-
able adherent fractions of the composite membranes
decreased. For M1, M2, M3, and M4 composite
membranes, adhesion rates to E. coli were 37.08%,
25.74%, 19.12%, and 17.29% while to S. aureus
were 52.25%, 32.67%, 21.35% and 18.28%, respec-
tively. The surface chemical groups of Ag@ZnO-
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HPGs nanoparticles grafted on the membrane sur-
face were mainly hydroxyl, which helped improve
hydrophilicity and from a water film on the mem-
brane surface to resist the adhesion of bacteria.

The SEM images of the CTA composite mem-
brane surfaces after exposure to E. coli or S. aureus
for 4 h were shown in Figure 11c. Single or cluster
bacterial cells were observed on the surface of the
pristine CTA membrane. The number of bacterial
cells on the surface of CTA composite membranes



declined with the increased concentration of nano-
particles. The morphology of E. coli on the surface
of the CTA composite membranes was incomplete,
and the cell membrane had shape change, even cavi-
ties, leading to leakage of cell fluid and bacterial
death. However, S. aureus was still spherical with in-
tact cell morphology, and no cell membrane break-
age was found on the surface of the CTA composite
membranes. CTA composite membrane achieved an
antibacterial effect by destroying the cell membrane
of E. coli and inhibiting the further division and
growth of S. aureus.

Although the antibacterial properties of M3 and
M4 composite membranes were similar, the NaCl re-
jection of the M4 membrane was lower than 90%.
Therefore, the M3 composite membrane was se-
lected as the test sample to evaluate the long-term re-
lease stability of Ag* for the membrane by monitor-
ing the release behavior of Ag* under a simulated
water environment for 30 days. Figure 12 showed

the concentration of Ag" in permeate solution per li-
ter and the released amount of Ag" per square centi-
meter from the M3 composite membrane. During 30
days, a low concentration of Ag” released by the M3
composite membrane maintained steady long-term,
and the releasing rate of Ag* was between 3.40 x 1073
and 6.20 x 107° mg L', In addition, according to the
national standard of drinking water®®), the concen-
tration of Ag" in permeate water per liter must be less
than 0.05 mg L ™! to meet the standard (the dotted line
in Figure 12), and that from M3 composite mem-
brane was markedly lower than the standard. The re-
leased amount of Ag" was 8.80 x 107* ug cm ™2 day ™!
and the daily average for daily released amount was
1.23x1075 ug cm2 day™!. Moreover, the total content
of Ag" on the M3 membrane surface was 0.38 pg
cm 2 day !, which helped the M3 composite mem-
brane continue to exhibit antibacterial activity over
306 days. The results showed that the M3 membrane
could keep lower releasing rates of Ag* for a long
period.
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Figure 12. Releasing rate and released amount of Ag* ions from the M3 CTA composite membranes.

4. Conclusions

In this paper, novel hydrophilic Ag@ZnO-
HPGs nanoparticles with a large number of hydroxyl
groups were successfully anchored on the surface of
CTA membranes by grafting succinyl chloride on the
surface of CTA membranes to endow acyl chloride
bonding sites, and CTA composite membranes were
prepared. The introduction of Ag@ZnO-HPGs nano-
particles greatly improved the physical and chemical
properties of CTA composite membranes and in-
creased the water flux of CTA composite membranes.
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In particular, the CTA composite membranes showed
excellent fouling resistance, and the flux recovery
rate was up to 97.69% during the BSA solution fil-
tration test. In addition, CTA composite membranes
exhibited remarkable antibacterial properties and ex-
cellent antiadhesion to E. coli and S. aureus. The an-
tibacterial rates of E. coli and S. aureus for the M3
composite membrane were 99.50% and 92.38%, and
bacterial adhesion rates were as low as 19.12% and
21.35%, respectively. The release of Ag" from the
CTA composite membrane was much lower than the



national standard of drinking water. This study pro-
vided a new approach for the development of new
antifouling RO membranes with great potential for
applications in biomedical, environmental, and other
fields.
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