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Durable antibacterial PAN/Ag NPs nanofiber membrane was prepared by electrospinning. In this study, Ag NPs
were composed by applying polyvinyl pyrrolidone as a dispersant and sodium borohydride (NaBH,) as

a reductant. The composite nanofiber films and silver nanoparticles were characterized and tested by
transmission electron microscopy, scanning electron microscopy, energy dispersive spectroscopy, X-ray
photoelectron spectroscopy, Fourier-transform infrared spectroscopy, X-ray diffraction, and Brunauer Emmett
Teller (BET) and thermogravimetric analysis test. The specific surface area of PAN/Ag NPs (1%) and PAN/Ag NPs
(3%) nanofiber membrane were about 25.00 m?/g calculated by the BET equation. It can be seen that the pore
sizes of PAN, PAN/Ag NPs (1%), and PAN/Ag NPs (3%) nanofiber membranes were mainly distributed between

30 and 40 nm. The maximum removal rate of PM,,, PM, 5, and PM,; , was about 94%, 89%, and 82%,
respectively, indicating it has a good filtering effect. The results also demonstrated that this membrane has
bacterial reduction of over 99.9% for E. coli and S. aureus, respectively. In addition, the thermal stability of the
fiber membrane with Ag NPs has no clear difference when compared to pure PAN nanofiber membrane and

also has better moisture conductivity, indicating it is a potential candidate applied in biopharmaceutical

antiseptic protection products.

In recent years, electrospinning nanofiber composites have
been a hot topic of research. Because of their simple fabrication
with low cost, high yield and the unique structure were
obtained [1, 2]. They can be imparted with many new
functional properties compared to the traditional materials.
For example, Khodkar [3] used coaxial electrospinning to
prepare antibacterial, biocompatible core, and nds shell fibers.
Yang [4] used chitosan composite fiber membrane to study
antibacterial and thermal stability. Schiffman [5] studied
antibacterial properties of single-walled carbon nanotube elec-
trospinning polymer. Hence, it has drawn great attraction to
the academic and industrial community till date. What’s more
is that electrospinning nanofiber composite has been employed
in electronic materials [6], filter materials [7], and biomedical
and diaphragm materials [8, 9].

Because of nanofiber membranes’ small size effect, metal

nanoparticles exhibit special excellent properties in light,
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electricity, magnetism, and heat [10]. Also, metal nanoparticles
with excellent surface effect and quantum size effect [11, 12]
can endow electrical conductivity and antibacterial and anti-
static property of the fiber [13]. Among them, Ag NPs can
produce good and lasting antibacterial effect when introduced
in polymer matrix, and it has drawn a wide attention [14].
According to our investigation, there are many methods for the
Ag NPs synthesis, such as hydrothermal synthesis [15], micro-
emulsion, radiation reduction, chemical reduction, etc. [16, 17]
For instance, a green, simple, and economical method was
developed to prepare sericin/polyvinyl alcohol (PVA) blend
membrane. Silver nanoparticles (Ag NPs) were synthesized in
situ on sericin/PVA film by UV-assisted green synthesis [18].
Ag NWs were embedded in a PVA (Ag NWs/PVA) hybrid
nanofiber membrane by electrospinning. Antibacterial activity
of nano-Ag NWs/PVA fibers against E. coli and S. aureus was
studied by adsorption and turbidity methods [19]. Moreover,
these materials have been used in many fields, including wound
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dressing, tissue scaffold, chemical and biological protection
material, medical instruments, and bioceramics [20]. So far, the
research studies on this topic are mainly focused on Ag NPs
dispersed uniformly in polymer matrix and its durable anti-
bacterial properties in practical applications.

For sanitary products and biopharmaceutical protection,
the moisture permeability of fiber is also very important. As
we all know, when used in the field of injury and protection,
such as protective clothing, antidrug mask, and other pro-
tection like biological dressing, degradable bandage, and
internal compress materials, moisture impermeability will
not only produce bacteriological infection but also other side
effects. Some studies have noticed this problem, for instance,
Zhiyong LI [21] prepared fluorinated polyurethane nanofiber
membrane composite fabric to research waterproof and
water-permeable performance. Li [22] improved the water-
proof/breathable performance of electrospun polyvinylidene
fluoride fibrous membranes by thermo pressing. But, the
relative reports of the filtration performance are seldom and
needed to be further studied. Thus, the comprehensive pro-
tection of antibacterial property with filtration performance
based on PAN/Ag NPs electrospinning is the novelty of our
study.

First, Ag NPs were synthesized by chemical reduction of
silver nitrate. Second, PVP dispersant was added to make Ag

NPs uniformly dispersed in PAN spinning solution. The
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morphology and structure of Ag nanoparticles were ob-
served by transmission electron microscopy (TEM). SEM,
EDS, X-ray photoelectron spectroscopy (XPS), FTIR, and X-
ray diffraction (XRD) were used to prove the existence of
silver nanoparticles in nanofibers, and the binding strength
between silver nanoparticles and nanofibers was character-
ized. The effect of viscosity on fiber morphology and
structure is analyzed. In addition, thermal stability of
nanofiber membrane was analyzed by thermogravimetric
analysis (TG). Different Ag NPs concentrations in spinning
solution were prepared, and their antibacterial properties
were studied. The adsorption and filtration properties of the
composite nanofiber membrane were evaluated by measur-
ing the specific surface area, size of the membrane, and the
dust removal efficiency of fiber membrane for PM particles.
Compared with the high-efficient phosphate scavenger
based on La (OH); nanorods in polyacrylonitrile nanofibers
[23], it is used for nutritional starvation and antimicrobial
activities. Our preparation process is simple and has excel-
lent effects on filtration and hygroscopicity as well as
antibacterial properties, and the immobilization of PAN
nanofibers can effectively promote the in situ formation of
well-dispersed silver nanoparticles. In addition, the hygro-
scopic properties of the membranes were also studied in
detail. The preparation process of PAN/Ag NPs nanofiber

membrane is shown in Fig. 1.
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Figure 1: Preparation process of PAN/Ag NPs composite nanofiber.
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Figure 2: SEM photographs of untreated PAN fibers (a), PAN/Ag NPs (1%) fibers (b), and PAN/Ag NPs (3%) (c); TEM images (d) and selected area electron

diffraction (SAED pattern) of Ag NPs (e).

Results and discussions

Characterization and viscosity test of fiber
morphology

SEM images of Ag NPs nanofiber membranes with different
densities are shown in Figs. 2(a)-2(c). The results show that the
PAN/Ag NPs nanofiber membranes are continuous and disor-
dered with a diameter of 270-400 nm compared with the PAN
nanofiber membranes. At the same time, the viscosities of PAN,
PAN/Ag NPs (1%), and PAN/Ag NPs (3%) nanofiber mem-
branes with 10% spinning solution concentration were measured
and are presented in Table I. When the viscosity is smaller, the
surface tension is larger, then the rheology of the spinning
solution is deteriorated and the finer the jet of the solution
ejected from the Taylor cone. What’s more is that the electro-
spun fibers are likely to form microbeads. Additionally, the
composite nanofiber membrane has a small amount of bonding.
This is due to the higher concentration of Ag NPs. The TEM
image of Ag NPs is shown in Fig. 2(d), which indicates that the
silver nanoparticles are spherical with the diameter of spherical
about 60 nm. Figure 2(e) is the electron diffraction spectrum of
the selected region of silver nanoparticles. Calibration with
standard pattern comparison method shows that the crystal axis
group corresponding to the spot is Ag(111), which is consistent
with the XRD pattern of Ag in Fig. 3(a). In addition, the
diffraction spots of silver crystals are arranged in a regular
manner, which conforms to the single crystal structure. The
characteristics of diffraction spots indicate that nanocrystalline
silver is a single crystal with good crystallinity. To prove the
content of silver nanoparticles on the fiber surface, we carried
out the EDS test. As shown in Fig. S1, the signal of silver atom
was stronger and that of N atom was weaker, implying the
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TABLE I: Effect of viscosity of spinning solution on fiber morphology.

Nanofibers Viscosity (mPa s) Fiber morphology
PAN 401.2 Filamentous
PAN/Ag NPs (1%) 3703 Filamentous
PAN/Ag NPs (3%) 344.8 Few beads

chelating effect of silver nanoparticles with the cyano group of
PAN. However, to further prove the existence of silver nano-
particles on the surface of PAN nanofibers, XPS analysis was
performed as shown in Fig. S2. According to the different
elements represented by each characteristic peak, a new charac-
teristic peak of Ag 3d can be found in PAN/Ag NPs silver
nanofibers. In addition, with the addition of the concentration of
silver nanoparticles, the peak of Ag 3d was higher.

XRD and FTIR analysis

The XRD pattern of PAN/Ag NPs nanofiber membrane is
shown in Fig. 3(a), the strong peaks can be observed at 26 of
38.04°, 44.24°, 64.38°, and 77.3° indexed as (111), (200), (220),
and (311) explanation of the face-centered cubic (fcc) structure
of silver, respectively (JCPDS Card No. 04-0783—Silver-3C).
The FTIR spectra of PAN and PAN/Ag NPs nanofibers are
shown in Fig. 3(b). The surface of the PAN/Ag NPs was coated
with a proper amount of capping agent. The signals at a wave-
number of 2934 cm ' correspond to C-H bond vibrations of
poly(vinylpyrrolidone). The signals at a wavenumber of 1650
and 1455 cm™'
spectively. The signal at 1019 cm™

correspond to C=0O and -CH, bond, re-
! is generated by C-N bond
vibrational absorption. The absorption peak at 2243 cm ™' is
the characteristic absorption peak of the nitrile divination. The
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Figure 3: (a) XRD pattern of PAN and PAN/Ag NPs nanofiber membranes. (b) FTIR spectrum of PAN and PAN/Ag NPs nanofiber membranes.
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Figure 4: TG of PAN, PAN/Ag NPs (1%), and PAN/Ag NPs (3%) nanofiber
membrane.

existence of the absorption peak shows that the PAN structure
unit exhibits long chain and continuity in the polymer chain.

TG analysis
PAN, PAN/Ag NPs (1%), and PAN/Ag NPs (3%) nanofiber

membrane were characterized by TG in Fig. 4. TG curves
suggested an obvious weight loss at one stage around 350-
600 °C. PAN nanofibers were exothermic at 300-600 °C, through
the mechanism of free radical-initiated cyclization, leading to the
breakage of molecular bonds; as the rate of thermal reaction
increases, the weight loss of PAN nanofibers is accelerated. With
the addition of Ag nanoparticles, the thermal stability of nano-
fiber films is slightly enhanced. In sum, the thermal stability of
PAN/Ag NPs nanofiber membrane is not significantly different
from that of pure PAN nanofiber membrane [24].

Antibacterial analysis

The antibacterial activity of the PAN, PAN/Ag NPs (1%), and
PAN/Ag NPs (3%) nanofiber membrane was evaluated
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according to AATCC100-2004 standard using the Gram-
positive bacterium E. coli and Gram-negative bacterium
S. aureus on samples of 0.75 g. Jars containing inoculations
without Ag NPs control swatches and jars containing nanofiber
membrane with Ag NPs were incubated for 24 h at 37 °C to
determine their resistance to bacterial growth. The colony-
forming units and antibacterial activity values are presented in
Table II. The antibacterial test results for E. coli and S. aureus on
pure PAN nanofiber membrane and PAN nanofiber membrane
with Ag NPs are presented in Fig. 5. What’s more is that Figs. 5
(a;)-5(as) show the antibacterial properties of PAN, PAN/Ag
NPs (1%), and PAN/Ag NPs (3%) nanofiber membranes against
E. coli. It can be seen that the number of E. coli was too much in
Fig. 5(a;). So PAN nanofiber membranes have no antibacterial
properties. The number of E. coli was rare in Fig. 5(a,), and we
almost saw no E. coli in Fig. 5(a;). As shown in Figs. 5(b,)-5(b;),
the antibacterial properties of PAN, PAN/Ag NPs (1%), and
PAN/Ag NPs (3%) nanofiber membranes against S. aureus.
Figure 5(b;) shows that there were many S. aureus, which
provided PAN nanofiber membranes no antibacterial properties.
Little S. aureus is shown in Fig. 5(b,) and almost no S. aureus in
Fig. 5(bs). Combined with Table II, the PAN/Ag NPs (1%)
nanofiber membrane sample, the antibacterial tests showed
bacterial reduction of 96.80% for E. coli and 98.70% for
S. aureus. However, for the PAN/Ag NPs (3%) nanofiber mem-
brane sample, the antibacterial tests showed bacterial reduction
0f 99.99% for E. coli and 99.99% for S. aureus. These results show
that the higher the concentration of nano-silver, the better the
antibacterial activity of nanofibers. These results indicate that the
PAN/Ag NPs nanofiber membrane showed excellent antibacte-
rial activity. Meanwhile, PAN nanofibers have functional groups,
like cyanogen groups, which can chelate with silver nanoparticles
and immobilize them on the fibers. A stable synergistic effect of
PAN nanofibers on silver nanofibers can stabilize silver ions in
nanofibers, and the more the silver nanofibers chelated by PAN

nanofibers the more the antibacterial properties of nanofibers
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can be improved to a certain extent. Thus, silver nanoparticles
can be controlled release with nonleaching antibacterial mech-
anism. As silver nanoparticles approach viruses, fungi, and

TABLE II: Number of colonies and antibacterial activity.

E. coli Antibacterial S. aureus Antibacterial
Sample (CFU) activity (CFU) activity
Pure PAN 122 <2.00 104 <2.00
PAN/Ag NPs- 4 96.80% 2 98.70%
1%
PAN/AgNPs-3% <1 99.99% <1 99.99%

bacteria, they have strong binding capacity to the cell walls (or
cell membranes) of pathogens and enter bacteria directly.
Though combining with the thiohydroxyl (-SH) of oxygen
metabolism rapidly, they can block metabolism and make gems
or virus inactive until death. Therefore, with the synergistic effect
of nano-silver and PAN, the resultant membrane has efficient

and broad-spectrum antibacterial effect.

Filtering performance test

Nitrogen sorption porosimetry measurement was employed to

gain the information about the specific surface area and pore size

(a1) (a2)

(b1) (b2)

(a3)

(b3)

Figure 5: Antibacterial properties of samples against E. coli (a) and antibacterial properties of samples against S. aureus (b): (1) PAN nanofiber membrane, (2) PAN/
Ag NPs (1%) nanofiber membrane, and (3) PAN/Ag NPs (3%) nanofiber membrane.
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Figure 6: (a) Nitrogen gas adsorption-desorption isotherms of composite nanofibers. The inset is the corresponding pore size distribution curves of the
mesoporous. (b) Removal efficiency of small particles with different wind speeds and different particle sizes was evaluated.
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Figure 7: Water content and water location versus time on the top and bottom surfaces of (a) the pure PAN nanofiber membrane, (b) the PAN/Ag NPs (1%)
nanofiber membrane, and (c) the PAN/Ag NPs (3%) nanofiber membrane during the MMT testing.

distribution of PAN, PAN/Ag NPs (1%), and PAN/Ag NPs (3%)
nanofiber membrane. The results are shown in Fig. 6(a). The
specific surface area of PAN nanofiber membrane was calculated
to be 18.35 m*/g by the BET equation, while that of PAN/Ag NPs
(1%) and PAN/Ag NPs (3%) nanofiber membrane was about
25.00 m*/g. It can be seen from the diagram that the pore sizes of
PAN, PAN/Ag NPs (1%), and PAN/Ag NPs (3%) nanofiber
membranes were mainly distributed between 30 and 40 nm.
The dedusting efficiency of PAN composite nanofiber
membrane was evaluated at different wind speeds (0.2-5 m/s)
and particle sizes (1.0, 2.5, and 10 um). As shown in Fig. 6(b),
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the collector tends to capture the larger particle size, as the
secretion of PM;, was significantly higher than that of PM, o and
PM, 5. At 0.5 m/s of wind speed, the maximum removal rate of
PM,, was about 94%, the maximum removal rate of PM, 5 was
about 89%, and the maximum removal rate of PM, , was about
82%. It can be proved that the resultant nanofiber membrane has

outstanding dust removal efficiency.

Moisture conductivity test

More comprehensive comparisons are presented in Fig. 7

where the water content-time and water location-time profiles
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TABLE llI: Liquid moisture management properties of the PAN and PAN/Ag NPs nanofiber membrane.

Absorption rate

Max wetted radius Spreading speed One-way transport

Wetting time (s) (%/s) (mm) (mm/s) capability
Sample Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
PAN 4.2 74 323 12,6 10.0 10.0 13 0.8 —647.2
PAN/Ag NPs (1%) 36 89 489 14.8 15 10 17 0.7 —878.9
PAN/Ag NPs (3%) 33 36 46.7 17.8 20 20 1.9 1.9 —3747
for the top and bottom surfaces of the untreated and treated
fabrics were illustrated. The green line indicates the water Materials

content of the top surface where the water drops are sprayed
initially, while the blue line indicates the water content of the
bottom surface. It is known that the maximum moisture
absorption rate (%/s) of a fabric is defined based on the initial
slope of the water content-time curve on a fabric surface. From
the moisture absorption time and rate in Table III, it can be
seen that the higher the concentration of Ag NPs the better the

moisture conductivity.

PAN/Ag NPs nanofiber membranes have been prepared by
electrospinning method. TEM confirmed the formation of Ag
NPs and the particle size is about 60 nm. SEM images showed
that the fiber form was continuous and well distributed. FTIR
and XRD analysis confirmed the structure of Ag NPs. The
existence of silver nanoparticles in PAN/Ag NPs fibers can be
proved by EDS and XPS analysis, and the stable structure of
silver nanoparticles can be achieved by chelating with cyanogen
groups on PAN. TG analysis showed that the addition of Ag
nanoparticles had no significant difference in the thermal
stability of composite nanofibers. Moisture management tester
(MMT) showed that the higher the concentration of Ag NPs
the better the moisture conductivity. The specific surface area
of PAN nanofiber membrane was calculated to be 18.35 m*/g,
while those of PAN/Ag NPs (1%) and PAN/Ag NPs (3%)
nanofiber membranes were about 25.00 m*/g. It can be seen
from the diagram that the pore sizes of PAN, PAN/Ag NPs
(1%), and PAN/Ag NPs (3%) nanofiber films are mainly
distributed between 30 and 40 nm. The maximum removal
rate of PM,, PM, 5, and PM, , was about 94%, 89%, and 82%,
respectively, indicating it has a good filtering effect. The results
of antibacterial test also demonstrated that this membrane has
bacterial reduction of over 99.9% for E. coli and S. aureus,
indicating it is a potential candidate used in hygienic products
and biopharmaceutical antiseptic protection products. Com-
pared with the relative similar reports [25, 26], this process is
simple and has excellent filtration performance as well as
antibacterial properties, which make it a potential candidate

applied in biopharmaceutical antiseptic protection products.
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Sliver nanoparticles (AgNO;, 99.8%), sodium borohydride
(NaBH,, 98.8%), PVP (M,, ~ 35,000), ethanol (C,HsOH,
99.8%), and N, N-dimethyl formamide (DMF) were purchased
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
None of the chemicals has been further processed. Deionized
water is used in all experimental processes. Polyacrylonitrile
(PAN, M,, = 150,000, Huachuang Group, Hefei, Anhui, China).

All chemical agents and materials were used as received.

Preparation of nanoscale silver

Nano-silver was prepared by the following steps: 2 g AgNOs;,
1.63 g PVP, and 100 mL deionized were water added to a 400-
mL Dbeaker; the temperature of ultrasonic oscillator was
adjusted to 25 °C; and then the solution was properly mixed
to form silver precursor solution. Subsequently, 0.4 g NaBH,
was dissolved in deionized water requiring 20 g to form
a transparent solution, and then the temperature of the
ultrasonic oscillator was adjusted to 50 °C. Continuous mag-
netic stirring was performed, and the silver precursor solution
was slowly added drop wise. The reaction mixture solution was
then centrifuged at 8000 rpm for 15 min to remove unreacted
metal salts and organics. To obtain pure Ag NPs precipitates,
three precipitates were washed by ethanol solution centrifu-
gally. Actually, the products were dispersed in the solvent

symmetrically.

Spinning liquid and electrospinning

The spinning solution is configured to be 10 wt% and DMF is
used as a solvent for spinning liquid. The mass ratio of PAN to
nano-silver is 10:0, 9:1 and 7:3.

A composite spinning solution mixed with different ratios
of PAN and nano-silver is injected into the 5 mL syringe. The
needle is equipped with No. 19 stainless steel needle tip. The
receiver is then fixed on the propulsion device of the electro-
spinning machine, so that the feed rate is kept at 0.883 mL/h.
The needle is connected with the positive pole high-voltage
power supply and the grounded metal plate covered with
aluminum foil as collector. The voltage used for electrostatic
spinning is 15,500 V. The distance between the needle tip and
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the collection device is 11 cm. The pure PAN spinning solution
was electrospun into nanofibers as a control experiment
compared with PAN/Ag NPs nanofiber membrane. After
electrospinning, all nanofibers are collected on aluminum foil
and stored in a sealed dry container to avoid exposure to visible

and ultraviolet light.

Characterizations

The microstructure and pattern of the Ag NPs were investi-
gated by transmission electron microscopy (TEM; JEM-2100,
JEOL, Tokyo, Japan). The surface morphologies of nanofibrous
membrane samples were surveyed by scanning electron mi-
croscopy (SEM; TM-1000, Hitachi, Beijing, China). The SEM
images were obtained in vacuum at a 3000 magnification and at
an accelerating voltage of 10 kV. The thermogravimetric
analysis (TG; Netzsch, Chemnitz, Germany) was performed
on a 209-F1 analyzer at a heating rate of 10 °C/min under
a nitrogen atmosphere, and thermal stability analysis was
performed from 30 to 600 °C. The tests of flexibility and
bending were captured by the optical camera. The obtained
products were characterized by power X-ray diffraction (XRD,
Rigaku Ltd., Tokyo, Japan) using Cu K,(=1.54056 A). The
morphology and size of the resultant products were observed.
The surface area was calculated using the Brunuer-Emmett—
Teler (BET) method. Based on Barrett-Joyna-Haranda (BJH)
model, the pore volume and pore size distribution were derived
from the adsorption branch of the isotherm. The electronic
state of the surface was evaluated using the Gram-negative
bacillus (ATCC 4352) and the Gram-positive bacterium Staph-
ylococcus aureus (ATCC 6538) on the antibacterial properties
of the composite nanofibers. The reduction of E. coli and
Staphylococcus aureus was calculated according to the AATC
100-2004 standard. According to the AATCC Test Method
195-2009, the liquid moisture transport characteristics of the
treated and untreated substrates in multiple directions were
quantitatively evaluated by an MMT. A volume of 0.22 mL of
physiological saline solution (9 g/L sodium chloride) was freely
distributed to the center of the upper surface of the fabric
under test. As the solution passed through the fabric, the MMT
recorded and measured the moisture transport behavior of the
liquid during the first 120 s.

To view supplementary material for this article, please visit
https://doi.org/10.1557/jmr.2019.44.
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