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nanoparticles for emulsion separation, surface antimicrobial, and
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Although many superwetting materials have been designed for the treatment of oil-containing wastewater, separation strategies
for oil-in-water systems containing bacteria have rarely been reported. Herein, poly(vinylidene difluoride)- and poly(lactic acid)-
blended fibrous membranes loaded with silver and copper oxide nanoparticles were successfully prepared by a two-step method
of electrostatic spinning and liquid-phase synthesis. The product membrane showed excellent super-oleophilic properties in air
and hydrophobicity under oil. It could separate water-in-oil emulsion systems containing surfactants with an efficiency above
90%. More importantly, the nanoparticle-loaded fibers were characterized by material degradability and slowly released ions.
The fibers exhibited excellent antibacterial activities against both gram-positive and -negative bacteria. This work provides a

feasible strategy for water-in-oil emulsion separation and bacterial treatment of wastewater.
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1 Introduction

The rapid development of modern industry and population
growth has intensified the discharge of industrial and do-
mestic wastewater. Frequent offshore oil spills are cause for
widespread concern regarding oil-contaminated waters [1,2].
Oily wastewater mainly comprises petroleum and organic
solvents from various industries, such as pharmaceuticals,
metallurgy, food processing, and petrochemicals. According
to its composition and physical form, oily wastewater can be
classified as an oil-water mixture, a free dispersion of oil-
water emulsion, or a stable emulsion system containing an
emulsifier. Of these, emulsions that contain surfactants with
a particle size below 20 um are the most difficult to separate
[3,4]. In addition to their complex composition, such was-
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tewaters usually contain bacteria, dyes, heavy metal ions,
and other hazardous substances. Traditional separation
methods include those based on chemical, physical, biolo-
gical, adsorption, flocculation, centrifugation, and electro-
chemical principles. However, these methods often cause
secondary pollution, have high energy consumption, low
efficiency of separation, or have other disadvantages [5].
Arising from the rapid advances in interface science and
bionics, special wettability materials are considered pro-
mising candidates for oil-water separations because of their
high separation efficiency and fast rate of separation.
Membrane separation is an environmentally friendly, eco-
nomical, and recyclable technology, which is widely used in
water purification, seawater desalination, and liquid separa-
tion [6-8]. The design and preparation of intelligent, multi-
functional, and shape-controlled liquid separation mem-
branes for complex oil-water systems is a topic of significant
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current research.

Water is the source of life. Contaminated water may con-
tain pathogenic microorganisms. Trace amounts of nutrients
in water provide an ideal place for bacteria to multiply. Di-
rect contact or inadvertent oral ingestion can lead to in-
fectious diseases. Therefore, pathogenic bacteria in drinking
water are one of the biggest threats to public health [9,10]. In
addition, growth and reproduction of microorganisms, such
as iron and saprophytic bacteria, in oilfield water-injection
systems often cause corrosion and blockage to extraction
equipment and pipelines, which indirectly causes economic
losses and environmental hazards [11,12]. Therefore, oily
wastewater carrying microorganisms requires special treat-
ment. The separation of emulsions containing surfactants is
more challenging than that of oil-water mixtures. The
membrane requirements are more stringent, not only in terms
of size characteristics but require the membrane to have a
reasonable pore structure [13—15]. The pore size should be
smaller than the size of the emulsified oil droplets to provide
interception, but not too small to affect the permeate flux and
extrinsic driving pressure. Furthermore, the ideal membrane
should have selective superwetting performance, which
provides the intrinsic driving force for oil-water separation.
The membrane also requires flexible physical and mechan-
ical properties and reusability.

Nanofiber membranes prepared by electro-spinning
exhibit controlled wettability, diverse fiber structures,
excellent dispersion, and high specific surface area and
porosity, and hence show great promise in treating emul-
sified oil-containing wastewater [16-20]. In addition,
when such membranes are applied to antimicrobial ap-
plications, numerous studies have shown that the high
specific surface area and porosity allow the antimicrobial
agent to fully interact with external media [21-25]. For
example, Wu et al. prepared a visible light-driven biocidal
fibrous membrane by co-assembly [26]. Karagoz et al.
[27] designed a fibrous membrane modified with zinc
oxide nanorods and silver nanoparticles for protective
clothing applications. Liu et al. [28] designed an electro-
spun membrane composed of chitosan, polylactic acid,
and gelatine for food packaging and preservation. Pakra-
van et al. [29] prepared a core-shell structured electrospun
fiber membrane for drug-retarding action with poly-
ethylene oxide and chitosan.

Although electrostatic-spun fiber has a wide range of ap-
plications, considerably more research is required to achieve
industrialization. One aspect that remains unclear is the re-
action mechanism and special morphology [30-34].

Precious metals, such as silver and copper, have long been
used in experimental studies as antibacterial agents. Trace
amounts of silver ions can kill hundreds of bacteria, which
far exceeds the antibiotic effect. Copper oxide particles are
also used. Although their bactericidal effect is not as good as

that of silver, CuO is widely used in sterilization because of
its simple preparation, low cost, and chemical stability. Sil-
ver and copper kill bacteria by similar mechanisms: when
exposed to water, the metal becomes a cation that interacts
with the surface of negatively charged bacteria, leading to
cell rupture and microbial death. The reason for choosing
two types of metal particles as additives in this work is that
silver is better than copper oxide for sterilization, but is
difficult to prepare and expensive. Owing to the degrad-
ability of poly(lactic acid) (PLA), the addition of copper
oxide nanoparticles can greatly increase the surface area of
the fiber, which makes it more conducive to contact of metal
particles with a microbial surface and improves the anti-
bacterial effect. In addition, it has been reported that certain
amounts of silver and copper oxide used together can achieve
an ideal bactericidal effect.

In this work, a hydrophobic and lipophilic film loaded with
metal nanoparticles was prepared by a two-step method of
electrostatic spinning and liquid-phase synthesis. The
membrane successfully combined water purification and
surface antibacterial activity functions. Scheme 1 shows the
process of membrane preparation and emulsion separation.
Copper oxide and silver nanoparticles were synthesized in
water and polyol, respectively, and then blended into a de-
gradable PLA spinning solution. The fiber was blended with
poly(vinylidene difluoride) (PVDF) to improve its mechan-
ical strength. PVDF also has low surface energy. The pro-
duced fiber membranes exhibited super-hydrophobicity and
oleophilic properties, and were capable of separating water-
in-oil emulsions. In addition, they showed excellent anti-
bacterial properties against common microorganisms found
in water, such as Escherichia coli (E. coli), Pseudomonas
aeruginosa (P. aeruginosa), and Bacillus subtilis. This study
provides a new concept for oil-water separation and surface
antibacterial activity.

Scheme 1 (Color online) Illustration of membrane fabrication and
emulsion separation.
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2 Experimental procedures

2.1 Materials

Copper chloride dihydrate (CuCl,2H,0) and silver nitrate
(AgNOs;, >99.8%) were purchased from Aladdin Co. (Chi-
na). PVDF (MW400000) was obtained from Macklin Bio-
chemical Co., Ltd. (China). PLA (MW100000) and
polyvinylpyrrolidone (PVP; MW 30 000) were acquired
from Sigma-Aldrich. The organic solvents: N,N-Dimethyl-
formamide (DMF), N,N-Dimethylacetamide (DMAC), n-
hexane, cyclohexane, isooctane, chloroform, methylene
chloride, toluene, chlorobenzene, phenixin, and bro-
moethane, sodium dodecyl sulfate (SDS), cetyltriethylam-
monium bromide (CTAB), and Span-80 were purchased
from Sinopharm Chemical Reagent Co. (China), as were
phosphate-buffered saline (PBS), nutritional broth, and nu-
trient agar medium. Sodium hydroxide and ascorbic acid
were procured from Maclean Biochemical Technology Co.,
Ltd. Pseudomonas putida (P. putica; ATCC 49128), E. coli
(ATCC 25922), (S. aureus ATCC 29213), and Bacillus
subtilis (ATCC 6633) were provided from Guangdong In-
stitute of Microbiology (China). All chemical reagents were
analytically pure: no further purification was required.

2.2 Fabrication of Ag nanoparticles

The synthesis of silver nanoparticles was improved from a
previous method [35-41]. In a typical reaction, 25 mL of
ethylene glycol was poured into a 100 mL flask and pre-
heated to 150°C using an oil bath. The following solutions
were prepared in advance: 1 mL of HCI (5 mmol Lfl) in
ethylene glycol (EG), 3 mL of AgNO; (95 mmol L) in EG,
and 3 mL of PVP (150 mmol Lfl) in EG. Apart from the
reagent addition, the entire process was conducted in a light-
proof closed environment. HCl was pipetted into the flask,
heated, and stirred for 15 min. The silver nitrate and PVP
solutions were then slowly added to the flask by a dual-line
titration method. On maintaining the temperature and stir-
ring, the color of the reaction solution changed from milky
white to clarified yellow to red. The final product was wa-
shed several times with acetone and deionized water.

2.3 Fabrication of CuO nanoparticles

The copper oxide nanoparticles were synthesized according
to the method used in a previous study [42]. Morphological
control was mainly achieved by adjusting the mass ratio of
the dispersant PVP and the copper source. 0.171 g of
CuCl, 2H,0 was dissolved in 100 mL of deionized water
and 3.33 g PVP was added the dispersant. The mixed solu-
tion was heated to 55°C and stirred for 15 min, then 10 mL of
2 mol L' sodium hydroxide solution was added to the flask
and stirred for 30 min. Finally, 10 mL of the ascorbic acid
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solution was added and the mixture was stirred for 1 h. The
product was washed several times with ethanol and deio-
nized water. The color of the solution changed from blue to
green, and then to red during the process.

2.4 Electrospinning of PVDF/PLA@Ag/Cu0O nanofi-
bers

PVDF powder (0.7 g) was weighed and dissolved in 1.7 g
DMAC and 2.5 g acetone mixture and stirred for 12 h to a
homogeneous solution. Copper oxide powder (0.1 g) was
then added to the mixture and sonicated for 30 min. The PLA
spinning solution comprised chloroform, methylene chlor-
ide, and DMF in aratio of 1:1:1 by volume. The mass of PLA
powder was 10% of the solution. Silver nanoparticles (0.1 g)
were then added to the solution and sonicated for 30 min to
complete dispersion. The parameters of the spinning ma-
chine were as follows: the positive and negative voltages
were set to 20 kV and —5 kV, respectively; the acceptance
distance was 15cm, and the propulsion speed was
0.15 mm min .

2.5 Preparation of water-in-oil emulsions

Several types of water-in-oil emulsions were produced via
the following steps: 50 mg of emulsifier (Span-80, SDS,
CTAB) was added to 100 mL of toluene, stirred thoroughly,
and then 1 mL of deionized water was added. The mixed
solution was stirred for several hours until the emulsion
formed a homogeneous phase.

2.6 Emulsion separation experiment and cycle test

The fiber membrane was cut into squares of 4 cm in size,
wetted with an organic solvent, and then attached to a filter
device. Water-in-oil emulsion (20 mL) was slowly poured
into the device, driven by 0.1 MPa pressure. The membrane
was washed with ethanol and deionized water. The operation
was repeated to test the recycling performance of the mem-
brane.

The separation efficiency (R) was calculated by the fol-
lowing equation:

R=

1—C£0] x 100%, (1)

where C is the water concentration in the filtrate and C, is
that in the original emulsion. The flux F (L m°h') was
calculated by the following equation:

_V
== (2)
where V' (L) is the volume of emulsion passed, 4 (mz) is
the filtration area of the membrane, and ¢ (h) is the filtration
time.
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2.7 Bacterial cultures

Bacillus subtilis, E. coli, and P. aeruginosa were employed
to represent both gram-positive and -negative bacteria. All
instruments were autoclaved and operational steps were
performed under aseptic conditions. After the thawing of a
strain, it was inoculated in 50 mL Luria-Bertani broth med-
ium, then transferred to a water-bath shaker where it was
held at 37°C for 24 h. The bacterial suspension was washed
several times by centrifugation with phosphate-buffered
saline (PBS). The bacteria were dispersed in the nutrient
solution for subsequent experiments.

2.8 Evaluation of antibacterial performance of nano-
fiber membrane

The paper diffusion method was used to evaluate anti-
bacterial performance. The fibrous membrane was cut into
1 cm radius discs using a hole punch. The treated bacterial
suspension (1 mL) was added to the agar medium. The
bacterial solution was uniformly painted onto the surface of
the culture medium three times using a sterile cotton swab to
ensure uniform application. The discs were then attached to
the center and incubated in a thermostat at 37°C for 12 h to
observe the size of the inhibition circle.

2.9 Characterization

The appearance of the membrane and morphologies of na-
noparticles and microorganisms were observed by scanning
electron microscopy (SEM; S-4700, Japan). Crystal struc-
tures of the nanoparticles were examined by X-ray diffrac-
tion (XRD; D8 QUEST, Germany). Elemental distributions
and contents of the membranes were analysed by X-ray en-
ergy-dispersive spectroscopy (EDS). Possible forms of the
chemical elements were determined using X-ray photoelec-
tron spectroscopy (XPS; ESCALAB 250Xi, Germany).
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Changes in the membrane before and after lamination were
compared by Fourier transform infrared spectroscopy (FTIR;
Nicolet 4700, USA). The wettability of the membrane was
measured with an optical contact angle meter (OCA; 15EC,
Germany). The morphology of the water-in-oil droplets was
observed by light microscopy (Leice; BM2000, Germany).
The droplet size distributions before and after separation
were measured by dynamic light scattering (DLS; ZEN3690,
UK). The surface area and porosity of the membrane were
measured by Brunauer-Emmett-Teller gas absorptometry
(BET; ASAP2460, USA). The antibacterial activity of the
membranes was indicated by the inhibition circles formed on
agar plates.

3 Results and discussion

3.1 Morphology and structure

The morphology of the metal particles was observed by
electron microscopy (Figure 1(a)—(f)). The CuO nano-
particles were ortho-octahedral with a size of approximately
500 nm; the Ag nanoparticles were octahedra with a size of
200-300 nm. A comparison of images taken before and after
spinning showed that the nanoparticles were uniformly em-
bedded in the nanofibers. The diameter of PVDF fibers is
about 100 nm, which is slightly larger than the diameter of
PLA. This led to an increase in the specific surface area of
the membrane and a slight decrease in the pore size (Figure
S1), which resulted in better emulsion-breaking.

3.2 Elemental distribution and structural character-
ization

Figure 2 shows XRD patterns of the metal nanoparticles
[35]. The positions of the CuO diffraction peaks proved its
successful synthesis. The evolution of the Ag nanoparticles
was indicated by changes in the positions of the diffraction

Figure 1 Scanning electron microscopy images of (a) Ag nanoparticles, (b) CuO nanoparticles, (c) PVDF/PLA electrospun nanofiber membrane, (d) PLA
nanofibers with Ag nanoparticles, (¢) PVDF nanofibers with CuO nanoparticles, (f) PVDF/PLA electrospun fiber membrane with metal nanoparticles.



Xiang X, et al.

CuO-3h ——Ag-48h

—— AgCI@Ag - 24 h ——AgCl-6h
) 1 |
=
s af g
z It
‘©» A A
g
£ Lo of

LY

| i
10 20 30 40 50 60 70

20 (°)

Figure 2 (Color online) X-ray diffraction patterns of CuO and Ag nano-
particles.

peaks, where the a-peaks are attributed to Ag and the B-peaks
to AgCl. The corresponding SEM images are shown in
Figure S2. When no chloride ions were involved, the silver
crystals grew as aggregates, mostly in the form of lines, and
the solution was milky white; when chloride ions were in-
volved, the morphology appeared as random particles of
micron size and with a relatively rough surface. As the re-
action continued, the color of the solution changed from
clarified yellow to turbid red, and the particles were in the
form of regular nano cubes. Figure S3 shows ultraviolet-
visible absorption spectra of the aqueous solutions that
contained silver nano cubes [37].

XPS analysis of the product films was performed. Ana-
lyses of the carbon, oxygen, fluorine, copper, and silver
peaks are shown in Figure 3(a)—(f). The Cu 2p (~952 and
~931eV) and Ag 3d (~373 and ~366 eV) peaks proved
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successful synthesis of the composite membrane as well as
the presence of C=0 and C-O. An EDS scan (Figure 4) also
detected the presence of all elements. FTIR spectra of the
individual and composite PVDF and PLA fiber membranes
were measured (Figure 5) [43]. The distribution of functional
groups further proved the successful synthesis of the target
materials.

3.3 Wettability of membrane surface

The surface wettability of the composite membrane was char-
acterized by measuring the surface contact angle. As shown in
Figure 6, the membranes exhibited superhydrophobic and su-
per-oleophilic properties in air, but oleophilic properties
under water and superhydrophobic properties under oil. This
allowed the formation of a hydrophobic oil layer on the
surface when the oil passed through the membrane, which
was theoretically capable of separating water-in-oil emul-
sions. The theoretical model is shown in Figure 7(a). Crucial
to the separation are the breakthrough pressure (AP) and pore
size. According to Young’s equation, the pressure of a liquid
penetrating into the pore surface is given by
—2ycost

AP = L2252 3)
where y represents the liquid surface tension, 4 is the liquid
surface contact angle, and 7 is the pore radius. When & is less
than 90°, AP is less than zero, and surface oil droplets can
wet the surface and spontaneously penetrate through the
membrane. Owing to the hydrophobicity under oil, 8 is
greater than 90°, so water droplets are blocked from passing
through the upper layer.

To demonstrate its universality, the contact angles of other
organic reagents under liquid were also measured. The
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Figure 3 (Color online) X-ray photoelectron spectra of the PVDF/PLA membrane with metal nanoparticles. (a) All elemental peaks, (b) C 1s, (c) O s, (d)
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Figure 4 Energy-dispersive spectra showing element mapping images of product membranes.
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Figure 5 (Color online) Fourier transform infrared spectra of electrospun
fiber membranes.

results, shown in Figure S4, indicated that the membrane
surface wettability was also applicable to other organic sol-
vents. Therefore, an emulsion separation test was conducted.
The separation process is shown in Figure 7(b). Emulsions

composed of three different surfactants (SDS, CTAB, Span
80) were tested at 0.1 MPa pressure. Figure 8 shows a
comparison of droplets before and after emulsion separation
under optical microscopy and macroscopic views. The se-
paration efficiencies were all above 90% and the circulation
volumes were above 5000 L m > h ', However, the circula-
tion volume inevitably tended to decrease as cyclic testing
proceeded, which was caused by oil contamination due to the
blockage of pore channels (Figure 7(c)—(d)). Particle size
distributions of the emulsion before and after separation are
shown in Figure 9. The particle sizes of the emulsion were
approximately 1000 nm before separation and 100 nm after
separation, which is consistent with the pore size measured
by BET.

3.4 Antibacterial activity

In addition to organic matter and heavy metal ions, biological
contamination cannot be neglected in wastewater treatment.
Therefore, this experiment investigated the antibacterial

Chlorobenzene '

Figure 6 Wetting performance of membrane surface. Contact angles of (a) water in air, (b) toluene in air, (c) water under toluene, (d) chlorobenzene under

water.
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Figure 7 (Color online) (a) Model of water-in-oil emulsion separation;
(b) process of emulsion separation; (c) flux and separation efficiency of
three oil-in-water emulsions; (d) cycling tests of toluene-in-water emul-
sions.

performance of the membrane. Gram-positive (Bacillus
Subtilis) and gram-negative (E. coli, P. putida) bacteria were
selected as model microorganisms for qualitative analysis by
inhibition circle size. As shown in Figure 10(a), anti-
microbial performances of the original composite mem-
branes and with different metal particle loadings were
examined. Radii of the inhibition circles after cultivation of
the bacteria on agar plates for 12 h are shown in Figure 10(b).
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Figure 8 (Color online) Optical micrographs and macroscopic images of
emulsions before and after separation. Water in toluene with (a) Span-80,
(b) CTAB, (c) SDS.

The inhibition circle radii for the three microorganisms were
0.65, 0.60, and 0.66 cm, respectively. The PVDF/PLA@Ag/
CuO membrane showed a distinct inhibition zone. As the
metal nanoparticle loading increased, the inhibition zone
became larger (Figure S5), while the original membranes
showed almost no inhibition properties. To further in-
vestigate the antibacterial performance of the composite
membrane, we simulated domestic wastewater with solu-
tions containing E. coli and S. aureus. Figure 10(c) shows the
growth of the bacteria in wastewater samples before and after
filtration for 12 h. By counting colonies, it was observed that
the filtration efficiency of the membrane for bacteria was
close to 99%, which indicates that the product membrane
would offer high purification in practical application. In
addition, the membrane was enriched with large numbers of
microorganisms after filtration, which was collected and
incubated in a 37°C thermostat for 6 h. Bacterial activity on
the membrane surface was studied by bacterial staining,
where green and red represent active and dead bacteria, re-
spectively. The membrane surface was slightly rinsed with
PBS solution and observed by fluorescence microscopy, as
shown in Figure 10(d). Originally active E. coli and S. aureus
lost most activity after 6 h of incubation on the product
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Figure 9 (Color online) Distributions of particle sizes before and after separation of (a) Span-80, (b) CTAB, and (c) SDS emulsions.
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membrane. This indicates that the membrane also had the
considerable bactericidal ability. This result suggests that the
product membranes had some resistance to microorganisms.

The possible antibacterial mechanism is explained in
Figure 11 [44-46]. Bacteria with negatively charged surfaces
are able to adsorb metal particles by electrostatic forces. The
metal particles then bind specifically to the thiol group (-SH)
in the protease within the cell and thus pierce the cell wall. In
addition, silver ions that enter the interior bind to deoxyr-
ibonucleic acid, which can interfere with the metabolism of
various enzymes. The cells eventually become dysfunctional
and die. Another possible scenario is that, in the presence of
light or oxygen, metal particles can act as catalytic centers to
generate reactive oxygen radicals. These groups can hinder
the proliferation of bacteria and cause their death. When the

PVDF/PLA
Control  PVDFIPLA  @Aag/Cu0 SEM

S.aureus

G- (b)

Sci China Tech Sci  May (2023) Vol.66 No.5

cells are deactivated, the silver ions are freed again, thereby
achieving a sustainable antibacterial effect.

4 Conclusion

Metal nanoparticles were successfully embedded in nanofi-
bers by thermal reduction and electrostatic spinning techni-
ques. The obtained PVDF/PLA@Ag/CuO fiber membranes
had oleophilic and hydrophobic properties and were able to
separate water-in-oil emulsions with above 90% separation
efficiency. In addition, the fibers contained Ag nanoparticles
wrapped in PLA, which were degradable and exhibited ex-
cellent antibacterial properties. A variety of organic reagents
and microbial tests showed that the product membrane gave

-
=)

Control
[ PVDF/PLA
[l PVDF/PLA@Ag/CuO

o
)

o
o

o
»

S
)

0.0-

Diameter of inhibition zone (cm)

Bacillus Pseudom
Subtilis onas sp.

E.coil

Figure 10 (Color online) (a) Digital images of inhibition circles for three bacteria; (b) diameters of inhibition zone of the membrane after 12 h; (c) growth
of bacteria in wastewater samples before and after filtration for 12 h; (d) live and dead bacteria after 6 h of growth on the membrane surface under

fluorescence microscopy.

Figure 11 (Color online) Schematic explanation of antibacterial mechanism.
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universal behavior. These results provide a concept for the
purification of oil-containing wastewater and surface anti-
bacterial activity.
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