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Abstract Electrophoretic deposition has always
been an attractive method to deposit nanoparticles
on conductive materials, while most fiber-based
materials have poor conductivity which limits the
application of electrophoretic deposition in assem-
bling nanoparticles onto fiber-based materials. A new
approach to assemble graphene oxide (GO)
nanosheets on nonconductive nonwovens via the
synergistic effect of electrophoresis and fiber inter-
ception was reported in this study. To improve surface
wettability, polypropylene (PP) nonwovens were
modified by acrylic acid and subsequent N, plasma
treatment. Then GO nanosheets were anchored onto
modified nonwovens by electrophoresis process and
nonwoven interception. The results of scanning elec-
tron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR) manifested that etching and
grafting simultaneously occurred on the surface of
modified PP nonwovens, resulting in a great improve-
ment of nonwoven hydrophily, which corresponded to
the results of water contact angle. Furthermore, the
results of X-ray diffraction, energy dispersive X-ray,
SEM, and FTIR indicated that different amounts of
GO nanosheets were successfully assembled onto
modified PP nonwovens. This method provides a new
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avenue for incorporating carbon nanoparticles with
nonconductive fiber-based materials, and modified PP
nonwovens assembled with GO nanosheets show good
air filtration performance for sodium chloride aerosol
with a filtration efficiency of 87.9 % and a pressure
drop of 36.4 mmH,0, and the reduced GO/PP com-
posite nonwovens exhibit enhanced conductivity.
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Introduction

Benefiting from quite high pore volume, intercon-
nected pore structure and high permeability for air and
water, fiber-based materials such as fibers, fabrics, and
nonwovens, have become potential materials which
were applied for filtration (Wang et al. 2012), battery
separators (Evanoff et al. 2012), electromagnetic
shielding (Haji et al. 2014), energy storage devices,
and fuel cells (Hassan et al. 2013). However, most
fiber-based materials made of polymer possess poor
mechanical, electrical, and thermal properties which
limit their application prospect (Gao et al. 2014). With
superior performance in electrical, mechanical, and
physical properties (Haji et al. 2014; Hsiao et al.
2014), carbon nanoparticles are selected as additives
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or reinforcements to enhance the performance and
availability of fiber-based materials. Graphene is a
marvelous carbon nanomaterial with superlatives of
huge specific surface area, electrical, thermal, and
mechanical properties (Liu et al. 2011; Yang et al.
2012), as well as energy storage properties (Hu et al.
2013; Li et al. 2011). As a derivative of graphene,
graphene oxide (GO) is decorated with carboxyl and
carbonyl groups at the edges, and hydroxyl and
epoxide functional groups on the basal planes, which
makes it strongly hydrophilic and easy to swell and
disperse in water (Sun et al. 2012; Zhou et al. 2015).
Besides many excellent performance, the good water-
dispersibility of GO makes it the preferred choice to be
assembled together with fiber-based materials (Liu
et al. 2014). The application of fiber-based materials
cooperating with carbon nanoparticles has been very
extensive (Ju et al. 2008; Xiang et al. 2012).
According to researches previously reported,
chemical graft (Einig et al. 2013) and electrophoretic
deposition (Guo et al. 2012) have been selected to
prepare hybrid of carbon nanoparticles and fiber-
based materials. Generally speaking, chemical graft
reaction of high-molecular polymer needs relatively
harsh reaction conditions, such as catalyst and high
temperature, and it is inevitable to cause serious
environment pollution and large energy consumption.
Electrophoretic deposition is a versatile method in
which charged particles in suspension move from one
electric pole to another one under the effect of direct
current electric field force, and charged particles are
deposited on substrate materials (Besra and Liu 2007;
Boccaccini et al. 2010; Boccaccini and Zhitomirsky
2002; Chavez-Valdez and Boccaccini 2012). As an
environmental friendly and low-cost method, elec-
trophoretic deposition has the advantages of short
formation time, simple device, and easy operation
(Besra and Liu 2007). Electrophoretic deposition has
been regarded as an available technique to deposit
carbon nanomaterials on conductive substrates, such
as conductive fibers (Boccaccini et al. 2004; Konig
et al. 2010; He et al. 2011; Yoshida et al. 2009;
Zhitomirsky 1998) and metal substrates (Singh et al.
2013; Lee et al. 2011). Wang and Dryfe (2013)
presented a method to prepare the porous hybrid
graphene—carbon nanotube layer on the surface of
carbon cloth by electrophoretic deposition. Yoshida
et al. (2009) formed carbon coating on SiC fiber for
two-dimensional composites by electrophoretic
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deposition. Singh et al. (2013) produced a corro-
sion-resistant graphene-reinforced composite coating
on copper by electrophoretic deposition. Although
the researches mentioned above have successfully
deposited carbon nanomaterials by electrophoretic
deposition, only conductive fiber-based materials
have been used as the substrates of electrode (Besra
and Liu 2007). However, except for some special
conductive fibers such as carbon fibers, most fibers
are nonconductive or with weak electrical conduc-
tivity, so electrophoretic deposition is rarely used for
fiber-based materials to incorporate with carbon
nanomaterials. Therefore, more effective and appli-
cable work should be done. By our method, inter-
ception and filtration effects of nonwovens were
utilized to assist electrophoresis process to incorpo-
rate GO nanosheets with nonconductive nonwovens.
It is a convenient and feasible approach to assemble
GO lamellas onto nonwovens via the synergistic
effect of nonwoven interception and electrophoresis,
and a few studies have mentioned this method.
Polypropylene (PP) nonwovens were selected as the
substrates to load GO nanosheets, because of their
excellent performance of nontoxicity, resistance to
hydrolysis, and low cost (Ramasundaram et al.
2014). While, owning to their low surface energy,
PP nonwovens possess poor wettability and adhesion
properties, it is extremely necessary to improve the
surface property of PP nonwovens through surface
modification (Armagan et al. 2014). Plasma tech-
niques have been adopted to improve the surface
property of PP nonwovens, and pretreatment by
acrylic acid has been utilized to overcome timing
effect of plasma treatment after exposure (Cerndkova
et al. 2005).

In this study, PP nonwovens were modified by
acrylic acid and subsequent N, plasma treatment to
enhance the surface wettability and binding force with
GO nanosheets. Utilizing filtration and interception of
nonwoven with mutually entangled fibrous structure,
charged GO nanosheets which moved under electric
field force tried to pass through the nonconductive
nonwovens, were headed off by the fiber nets and
adsorbed on the surface of nonwoven fibers. By this
method, the pore structure of nonconductive nonwo-
vens and electrophoresis were creatively combined to
make modified PP/GO-composited nonwovens, and
the as-prepared materials showed good performance in
air filtration and conductivity.
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Experimental
Materials

PP nonwovens (basis weight 50 g/m?) were provided
by Tianjin Teda Co., Ltd. China. Acrylic acid was
purchased from Tianjin FuChen Chemical Reagent
Co., Ltd. China. Potassium permanganate, sulfuric
acid and hydrogen peroxide were provided by Tianjin
Fengchuan Chemical Reagent Co., Ltd. China.
Hydrazine hydrate was purchased from Sigma-
Aldrich Co. Korea. All reagents used in the experi-
ment were without further purification.

Preparation of GO

Improved Hummers’ method (Shi et al. 2012) was
used to prepare graphite oxide. A 9:1 mixture of
concentrated H,SO4/H;PO, (360:40 ml) was added to
a mixture of 3.0 g graphite flakes and 18.0 g KMnO,.
The reactant was then heated to 50 °C and stirred for
24 h. The reactants were cooled to room temperature
and poured onto ice (400 ml) with 30 % H,O, (3 ml).
Subsequently, the mixture was centrifuged and the
supernatant was decanted away. Meanwhile, the
mixture was washed with an aqueous hydrochloric
acid solution (10 vol.%) to remove the sulfate ions and
then washed repeatedly with distilled water until
pH = 7. The graphite oxide slurry was freeze-dried
(=50 °C) for 48 h (Shi et al. 2012). By ultrasonication
of graphite oxide aqueous solution, we could get GO
with high interlayer spacing and exfoliation (Singh
et al. 2013). To form homogeneous colloidal suspen-
sions, 0.5, 1, and 2 g/l GO aqueous dispersion was
prepared by ultrasonic treatment for 3 h, respectively.

Modification of PP nonwovens

In brief, PP nonwovens were modified by acrylic acid
and N, microwave plasma treatment. Firstly, PP
nonwovens were pretreated by 30 % acrylic acid
aqueous solution with a water bath of 60 °C for 1.5 h
and dried at 60 °C. Then, the pretreated PP samples
were placed on the plate of the plasma chamber which
was evacuated to 5 Pa at room temperature. There-
after, N, was passed into the chamber with a gas flow
rate of 1.0 1/h to keep a pressure of 40 Pa. N,
microwave plasma treatment was performed on YZ-
2 microwave plasma generator, and the treatment

degree was adjusted by changing time and power of
plasma. The samples pretreated by acrylic acid are
operated at the conditions described in Table 1. And
the plasma power was set for 60, 90, 150, and 200 W,
and the treatment time was set for 3, 6, and 9 min,
respectively. The sample treated by N, plasma at
90 W for 6 min was denominated as PP 90-6, and the
denominations of other samples are listed in Table 1.

Assembly of GO onto PP nonwovens

Two same stainless steel plates were selected as
electrode substrates to suppress the formation of metal
hydroxides and vertically placed in the electrophoresis
tank. The pristine and modified PP nonwovens
(15 x 15 cm?) were vertically fixed between the
stainless steel plates and nearly approached to the
anode substrate. Electrophoresis experiments were
carried out at direct current voltages of 24 V, depo-
sition time of 20 min, and electrode distance of 8 cm.
Because of carrying with carboxyl and carbonyl
functional groups, GO was highly negatively charged
(Fugetsu et al. 2010) and moved from cathode
electrode to anode electrode (Besra and Liu 2007).
After electrophoresis process, the nonwovens were
rinsed by distilled water to remove GO nanosheets
slightly floated on the surface, and then put in the oven
at 60 °C. In detail, 0.5, 1 and 2 g/l GO aqueous
solutions were used to incorporate with modified PP
nonwovens (PP 90-6) by electrophoresis process,
which were denoted as M-PP/GO-0.5, M-PP/GO-1,

Table 1 Experiment conditions of N, plasma treatment for PP
nonwovens pretreated by acrylic acid

Samples Treatment time (min) Treatment power (W)

PP 60-3
PP 60-6
PP 60-9
PP 90-3
PP 90-6
PP 90-9
PP 150-3
PP 150-6
PP 150-9
PP 200-3
PP 200-6
PP 200-9

60

90

150

200

O O W O AN W O AN WO N W
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and M-PP/GO-2, respectively. As comparison, 1 g/l
GO aqueous solution was assembled onto pristine PP
nonwovens by electrophoresis process or onto mod-
ified PP nonwovens by simple dipping method, noted
as PP/GO-1 and M-PP/GO-1-dipping, respectively.
Moreover, the M-PP/GO-composited nonwoven was
chemically reduced by hydrazine hydrate as the paper
reported (Ramasundaram et al. 2014), which was
noted as M-PP/rGO. The preparation route and
proposed formation mechanism of modified PP/GO
nonwovens and the schematic diagram of elec-
trophoresis process are shown in Fig. la-b.

Characterization

Transmission electron microscopy (TEM, FEITecnai
F30, operated at 300 kV) with a high resolution was
utilized to observe the microstructure and morphology
of the GO nanosheets. Then, X-ray Diffraction (XRD,
Burker D8 Discover) with Cu Ko radiation
(4 = 1.54059 A) was used to reveal the structure of
GO, modified PP nonwovens, and modified PP/GO
nonwovens at a scanning speed of 5/min from 3 to 60°.
The morphology and thickness of GO were observed
by AFM (CSPM5500) under the tapping mode. The
zeta potential of GO dispersion was measured by
Delsa Nano C Particle Analyzer (Beckman Coulter
Company, America). And the morphologies of pristine
PP nonwoven and multi-scale modified PP/GO non-
wovens were examined by field emission scanning
electron microscopy (FE-SEM) (S-4800, Hitachi,

(a)

PP nonwoven modified PP M-PP/GO

Japan). Elemental composition analyses were carried
out by an energy dispersive X-ray (EDX) spectrometer
equipped on FE-SEM. Each sample was coated with a
thin layer of gold (~5 nm) before observing. The
water contact angle (CA) measurements were per-
formed using a CA measurement apparatus (JYSP-180
Contact Angle Analyzer) according to the sessile-drop
method (Yue et al. 2015). Briefly, a water droplet was
deposited on a flat nonwoven surface, and the CA of
the droplet with the surface was measured. The
instantaneous water CA obtained within 0.5 s (ensur-
ing observable vibration of the liquid drop on the solid
sample had already ceased) was recorded. Each final
water CA value was obtained by averaging over more
than five water CA values of different spots. And to
guarantee the accuracy of experimental results, each
water CA measurement was conducted five times to
acquire the average data and the standard deviation.
Fourier transform infrared spectroscopy (FTIR) was
acquired using a Bruker Tensor 27 system in the
3800-800 cm~' wavenumber range to analyze the
functional groups grafted onto PP nonwovens. All the
samples were pressed into a pellet with potassium
bromide (KBr) before measurement.

The filtration efficiency and air flow resistance
(pressure drop in mmH,O column height) were
measured by an automated filter tester TSI 8130
(TSI incorporation, America). The TSI 8130 could
deliver neutralized micron monodisperse solid sodium
chloride aerosol (NaCl, a mass median diameter of
0.5 pm, and a geometric standard deviation not
exceeding 2.83), and NaCl aerosols were fed into a

(b)

N

Stainless steel ~ Nonwoven GO suspension

Fig. 1 a Schematic illustration of fabrication of M-PP/GO nonwovens, b schematic diagram of electrophoresis process
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filter holder with an effective area of 100 cm?. All
filtration tests were conducted with a continuous air
flow of 32 I/min at room temperature. Conductivity
measurements were demonstrated using Alpha-A
high-resolution conductivity measurement system
with the frequency range from 0.1 Hz to 10 MHz at
room temperature.

Results and discussion
Characterization of GO and M-PP/GO

Figure 2a—b shows the TEM and high-resolution TEM
images of the GO nanosheets. The results revealed that
the GO nanosheets with transparent flake-like shape
were of few layers on the porous copper and high-
resolution TEM also indicated the perfect structure of
GO (Fig. 2b). As shown in Fig. 2c, the GO nanosheets
were mainly consisted of mono-layer GO platelets.
Figure 2d indicates that the thicknesses of GO

(a) (b)

nanosheets were mostly within a range of
1.15-1.5 nm, which were about slightly thicker than
that of mono-layer GO nanosheet previously reported
due to the extensive oxidation during the preparation
process. And the zeta potential results showed that the
GO suspensions with different concentrations are
greatly negatively with zeta potential from —28.04 to
—50.21 mV (Fig. 2e). In general, the zeta potential
confers the degree of repulsion between charged
particles in dispersion, and a high zeta potential
(negative or positive above 40 mV) is an indicator that
the dispersion resists aggregation and consequently
remains stable (Zhang et al. 2013b).

The XRD spectra of pristine PP, modified PP, and
modified PP/GO nonwovens, as well as the GO
nanosheets were performed (Fig. 2f). From the XRD
spectrum of GO, the intensity and diffraction angle of
the peak (at approximately 10.6°) represented the
interlayer spacing of GO nanosheets, which indicated
that graphite was successfully oxidized (Liu et al.
2011). As for another two tiny bands at 26° and 43°,

(c)
500nm
d . . e
(d g Vertical distance: ~1.15nm (€ () Go
-50 4 -
PP
§ modified-PP
E 40| { —— M-PP/GO
= :
5 30 7 z
] 17}
=
= 20 8
] =
N
-10 4
0 : ; / ——
pm 05 1 2 5 10 15 20 25 30 35 40 45 50 55 60
Contentration (g/L) 20 (°)

Fig. 2 a, b The TEM and high-resolution TEM of GO
nanosheets, ¢ tapping mode AFM topographic image of GO
nanosheets and d AFM cross-section of GO nanosheets, e the

zeta potential of GO suspensions with different concentrations
and f the XRD spectra of GO, PP, modified PP, and M-PP/GO
nonwovens
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they were correlated with the rather limited ordering
for the limited few layers in GO and the turbostratic
band of disordered carbon materials, respectively
(Chen et al. 2011). As indicated in the XRD spectra of
PP, modified PP, and M-PP/GO (1 g/l GO aqueous
solution was used to assemble GO on the modified PP
nonwovens by electrophoresis process), four distinct
diffraction peaks were appeared at 26 value of
14.159°, 16.747°, 18.026°, and 21.324° corresponding
to the (100), (040), (130), and (131) crystal planes
diffraction peaks of PP, respectively. Moreover, the
M-PP/GO showed a weak peak at 9.17° which
responded to the characteristic peak of GO at 10.6°.
It may be because the crystal behavior of PP affected
the peak intensity and position, and made it weaker
and shift to the left. The XRD results indicated that
acrylic acid and plasma treatment have no effect on the
structure of PP nonwovens, and GO nanosheets were
successfully assembled on the modified PP
nonwovens.

Hydrophily of nonwovens

The water CA is an important parameter to measure
surface hydrophily, which is one of the most important
properties of modified PP nonwovens. Good hydro-
phily could influence the surface energy of PP
nonwovens and enhance the adhesion with GO
nanosheets. In general, a smaller water CA corre-
sponds to a more hydrophilic material. The water CA
measured immediately after water was dropped onto
the samples would preferably reflect the natural
wettability of the materials (Zhang et al. 2013a). As
shown in Fig. 3a, the functional relation between the
water CA and the plasma treatment power was
demonstrated. With the enhancement of plasma treat-
ment power, the water CA of samples decreased first
but then increased. The reason was that low plasma
power (60 W) was too difficult to motivate active
particles, while excessive plasma power would cause
overheating (this plasma is a cold type), so only the
power in an appropriate range, plasma could make
active particles and be more benefit for the hydrophily
improvement of modified PP nonwovens (Lopez et al.
2012). Similarly, water CA decreased sharply at first
but then increased slightly with the time of plasma
treatment prolonging (Fig. 3b). In detail, the pristine
PP nonwovens possess a hydrophobic behavior with a
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water CA of 125°. Pretreated by acrylic acid, the water
CA of the PP samples decreased to 106°. Once treated
by N, plasma, the water CA was less than 90°,
indicating that modified PP nonwovens became
hydrophilic. It was significant to remind that the water
CA of PP 90-6 nonwovens reached a minimum of 20°
and the sample showed a marked hydrophilic behav-
ior. It was etching onto fibers and the introduction of
oxygen functional group that made nonwovens
hydrophilic. However, with the power and time
increasing, the CA increased instead and the wetta-
bility of samples declined slightly. That may be
because long exposure time made cold type plasma
produced local overheating, which was bad for the
etching of fibers. On the whole, etching and the
introduction of oxygen functional groups simultane-
ously worked to improve the hydrophilic properties of
M-PP nonwovens, which were in accordance with the
results of SEM and FTIR. As shown in Fig. 3c,
difference in the decaying rate of pristine PP and
modified PP nonwovens showed obviously enhanced
water diffusing in 10 s determination. And with the
time extending to 10 s, the water CA became lower
compared with the instantaneous water CA when the
water drop dripped on the surface of samples,
implying the good water affinity and improved
hydrophily of modified PP nonwovens (Zhang et al.
2013b).

Surface morphology of nonwovens

Surface morphology of the pristine and modified PP
nonwovens was characterized by FE-SEM (Fig. 4).
Because of the best hydrophily of modified PP
nonwovens, the plasma power was set up at 90 W
for the subsequent tests. As can be seen in Fig. 4a, the
surface of pristine PP nonwoven was extremely
smooth. The PP samples only pretreated by acrylic
acid showed slightly convex surface and distributed
with a few white dots (Fig. 4b). Figure 4c manifests
the surface morphology of PP 90-3 (as noted in
Table 1), and many raised spots were distributed on
the surface of PP nonwovens which were slightly
hydrophilic. The fiber surface of PP 90-6 became
rough, and some traces of obvious strips etching were
also observed (Fig. 4d). Figure 4e shows the SEM
photograph of PP 90-9, and small dots (with average
size in the 0.1-0.5 pm range) derived from the etching
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Fig. 3 The water CA as functions of a plasma treatment power, b plasma treatment time, and ¢ decay of water CA as a function of time

process can be detected. The active plasma species
continuously bombard the fiber surface and the tiny
dots might be formed by nondirectional ablation or re-
deposition of etched substances (Man et al. 2014).
Clearly, the fiber surface of PP 90-6 was rougher, and
owned more adhered dots and deeper trench compared
with that of PP 90-3 and PP 90-9. For short treatment
time, plasma was difficult to cause etching, and for
long exposure time (longer than 6 min), the plasma
produced local overheating, which went against the
etching of polymer fibers and caused some degrada-
tion effects. Once high energy particles of plasma
bombarded the surface of PP fibers, energy transfer
occurred and this process produced a large number of
free radicals. Adjacent PP polymer-free radicals may
be complex and crosslink, and polymer may be

dehydrogenated to form a double bond or other new
functional groups, such as carbonyl and carboxyl. In
this experiment, surface radicals generated by the N,
plasma activation worked as reactive species to graft
acrylic acid.

FTIR spectra of nonwovens

Figure 5 shows the FTIR spectra of pristine PP,
modified PP nonwovens under different plasma treat-
ment times (denominated as Table 1), and GO
nanosheets, as well as the M-PP/GO (the modified
PP 90-6 nonwoven incorporated with 1 g/l GO by
electrophoresis process). The formation of some
functional groups played an important role in
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Fig. 4 Surface morphology of pristine and modified PP
nonwoven fibers and the insert showed a drop of water on the
surface of PP nonwovens: a pristine PP nonwoven, b PP

enhancing the hydrophilic properties of the PP non-
wovens. Form FTIR spectrum of pristine PP, the peaks
between 2950 and 2800 cm™' corresponded to the
various aliphatic C—H stretching modes, and the peaks
near 1450 and 1380 cm™ ' were the CH, and CH;
deformation bands, respectively. The major peak of
the carbonyl (C=0) stretching band at 1725 cm ™', C—
O band at 1247 cm™ ", and the broad absorption band
of hydroxy (O—-H) at 3300-3500 cm ™' manifested that
acrylic acid was successfully grafted onto the fiber
surface of PP 60-3, PP 60-6, and PP 60-9 nonwovens
(Cerndkovi et al. 2005), which could indicate that the
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nonwoven pretreated by acrylic acid, ¢ PP 90-3 nonwoven,
d PP 90-6 nonwoven, and e PP 90-9 nonwoven

N, plasma activation accelerated the graft and led to a
high retention of acrylic acid on PP fiber surface. In the
FTIR spectra of M-PP/GO and GO, the peaks of the
C=0, O-H, and C-O were presented at the corre-
sponding position. Moreover, a small peak associated
with aromatic C=C at 1620 cm™' also appeared,
which was not existed in the FTIR spectra of modified
PP nonwovens, indicating the successful assembly of
GO nanosheets onto modified PP nonwovens (Rama-
sundaram et al. 2014). The conclusion of FTIR
analysis was in accordance with the results of SEM
and hydrophily characterization.
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Fig. 5 The FTIR spectra of pristine PP, modified PP nonwo-
vens, GO nanosheets, and M-PP/GO nonwovens

Surface morphology and EDX analysis
of nonwovens

Pristine PP and PP 90-6 nonwovens were selected to
fabricate PP/GO-composited nonwovens by simply
dipping or the electrophoresis process. Figure 6 shows
that the GO lamellas were assembled onto the surface
of PP nonwovens and PP fibers retained original
morphology, which indicated that the fiber structure

was not cracked during dipping or electrophoresis
process. Figure 6a indicates the surface morphology
of M-PP/GO-1-dipping and only a small quantity of
GO nanosheets were assembled onto PP fibers.
Figure 6b shows the surface morphology of PP/GO-
1 and GO lamellas were lightly lapped on the fibers,
indicating the poor adhesion between pristine PP fibers
and GO nanosheets. Figure 6¢c—d displays the mor-
phology of M-PP/GO-0.5 and only a few GO layers
were decorated on modified fibers, covered by a piece
of GO nanosheets. As can be seen in Fig. 6e—f, M-PP/
GO-1 fibers covered by GO nanosheets became
wrinkled and coarse (Ramasundaram et al. 2014),
and the GO nanosheets warped up and winded on the
fibers and pieces of GO nanosheets stretched perpen-
dicularly to the fiber axial. Clearly, the wrinkles and
folds of GO nanosheets decorated on fibers became
more prominent after the GO concentration was
enhanced to 2 g/l (Fig. 6g). Obviously, the increase
of concentration made the GO easy to agglomerate and
pieces of GO nanosheets congregated onto a small
amount of fibers (Fig. 6h). The improvement of
hydrophily enhanced the inter-molecular forces
between modified PP fibers and the GO, making
nonwovens prone to intercept and anchor GO
nanosheets which moved under the electric field force.
In the electrophoresis process, negatively charged GO
nanosheets moving from negative electrode to positive
electrode were intercepted by the intertwined fibrous

Fig. 6 The SEM images with different magnifications of PP/GO nonwovens fabricated by dipping or electrophoresis process: a M- PP/
GO-1-dipping, b PP/GO-1, ¢- d M-PP/GO-0.5, e- f M-PP/GO-1, and g- h M-PP/GO-2
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nonwovens placed between the opposite electrodes,
and fitly anchored on the fiber surface. Thus, the
electrophoresis and nonwoven interception suitably
worked together and both of them were indispensable
in the fabrication of modified PP/GO nonwovens.
Figure 7 signifies the SEM images, SEM-EDX
spectra analysis, and the carbon and oxygen atomic
percentage (at.%) of pristine PP, GO nanosheets,
modified PP, and M-PP/GO nonwovens. The suc-
cessful incorporation of GO nanosheets and PP
nonwovens was confirmed by the SEM and EDX
spectra. As is known to all, PP is composed of
carbon and hydrogen, while the surface of the
modified PP (M-PP) nonwovens contained a small
amount of oxygen (5.45 at.%) due to the introduc-
tion of oxygen-containing functional groups by
acrylic acid grafting and plasma treatment
(Fig. 7al-a2). Figure 7b1-b2 shows the surface
morphology and EDX spectra of GO nanosheets
which possessed plenty of creases and wrinkle, and
rich oxygen-containing functional groups making
the oxygen content up to 42.13 %. For comparison,
the M-PP/GO-1-dipping and PP/GO-1 were mea-
sured by the SEM-EDX spectra, and the oxygen
atomic contents were 8.29 and 11.08 % (Fig. 7c,—c,,
dy—d,). Figure 7e,—g; e,—g, illustrates the SEM
images with low magnification and the EDX spectra
of M-PP/GO-0.5, M-PP/GO-1, and M-PP/GO-2, and
the oxygen atomic content, were 16.73, 17.57, and
18.58 %, respectively (Fig. 7h). Owning to the
combined action of the surface modification and
electrophoresis process, the atomic ratio values of
oxygen and carbon of M-PP/GO-1 raised 1.3 and
0.72 times comparing with that of M-PP/GO-1-
dipping and PP/GO-1. The results indicated the
successful assembly of GO nanosheets with different
contents onto modified PP nonwovens by the
synergistic effect of interception and electrophoresis.

Air filtration performance of nonwovens

The filtration efficiency and pressure drop are the key
parameters of fibrous filters, and a combination of high
filtration efficiency and low pressure drop is an
evaluation criteria for a good filter (Li et al. 2014).
As shown in Fig. 8, the introduction of GO nanosheets
enhanced the filtration performance of nonwovens and

@ Springer

Fig. 7 The SEM images and SEM-EDX spectra analysis of »
samples: al-a2 M-PP, b1-b2 GO nanosheets, ¢1-c2 M-PP-GO-
1-dipping, d1-d2 pristine PP/GO, el-e2 M-PP/GO-0.5, f1-f2
M-PP/GO-1, gl-g2 M-PP/GO-2, and h the carbon and oxygen
atomic concentrations of pristine PP, GO nanosheets, M-PP, and
M-PP anchored with GO nanosheets determined by the EDX
spectra

the M-PP/GO-1 nonwoven showed a filtration effi-
ciency of 87.9 % and a pressure drop of 36.4 mmH,O.
In detail, although the air filtration resistance of PP
nonwovens assembled with GO nanosheets was
slightly increased, the filtration efficiency had a
significant improvement. The filtration efficiency of
M-PP/GO-1 doubled, while the pressure drop
increased less than 10 % comparing with that of
pristine PP nonwovens. In addition, the filtration
efficiency of M-PP/GO-1 enhanced 38.2 and 36.9 %,
and the pressure drop increased 8.8 and 4.6 %
comparing with that of M-PP/GO-1-dipping and PP/
GO-1 nonwovens, which reflected good filtration
performance of the modified PP nonwovens covered
with GO nanosheets by electrophoresis process. The
assembly of GO nanosheets enlarged surface rough-
ness and specific surface area of the modified nonwo-
vens and thus finally enhanced the (filtration
performance.

Conductive performance of nonwovens

The conductive performance of pristine PP, M-PP/
GO, and M-PP/rGO nonwovens (chemically reduced
by hydrazine hydrate), is illustrated in Fig. 9. The
conductivity of nonwovens was enhanced with the
increase of frequency in range from 0.1 to 10’ Hz.
Obviously, the conductivity of M-PP/rGO nonwo-
vens (3.0 x 107° S/m at the frequency of 10° Hz)
rapidly increased duo to the reduction of GO
nanosheets, which was improved about 20 and 50
times compared with that of M-PP/GO
(1.5 x 1077 S/m) and pristine PP nonwovens
(6.0 x 1078 S/m), respectively. And with the fre-
quency increasing to 10° Hz, the conductivity of
M-PP/rGO enhanced to 3.0 x 107> S/m, reaching
the anti-static criterion (107° S/m) (Liu et al. 2014),
which is about two orders of magnitude higher than
that of PP nonwovens.
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Fig. 7 continued

@ Springer

(h) 100

At (%)

90

80

70

60

50

40

30

20

10

(e2)

(f2)

(g2)

I M-PP

CJPP-GO

[ M-PP/GO-0.5

[T M-PP/GO-1

I M-PP/GO-2

I GO

[ M-PP/GO-1-dipping




J Nanopart Res (2015) 17:373

Page 13 of 15 373

—e— Filtration efflciency

90 1 —&— Pressure drop 435

80
70 4
60 4 — 425
50 1 / 420
40

30

Filtration efficiency(%)
Pressure drop(mmH,0)

20 A

0 T T T T T 0
PP M-PP  M-PP/GO-1-dipping PP/GO-1 M-PP/GO-1

Fig. 8 The filtration performance of pristine PP, modified PP,
and PP nonwovens incorporated with GO nanosheets
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Fig. 9 The conductivity of nonwovens as a function of
frequency at room temperature

Conclusions

In summary, an approach to incorporate GO
nanosheets with nonconductive nonwovens was taken
by the synergistic effect of electrophoresis and non-
woven interception. After the modification of nonwo-
vens by acrylic acid and N, plasma treatment, the
surface wettability and adhesion between fibers and
GO lamellas have been significantly enhanced,
demonstrated by the decrease of water CA and the
increase of fiber roughness. The results of FTIR
spectra indicated that carbonyl and carboxyl groups
were introduced onto modified fibers, and the GO
nanosheets were firmly anchored onto the fiber
surface. The results of SEM and EDX indicated that
GO nanosheets with different amounts were success-
fully assembled onto modified PP nonwovens by the

synergistic effect of interception and electrophoresis.
The composite nonwovens assembled with GO
nanosheets showed good performance in air filtration
and PP nonwovens incorporated with reduced GO
exhibited enhanced conductivity. The presented
method greatly expands the application field of
electrophoresis in the modification of nonconductive
fiber-based materials.
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