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multi-purpose nanofibrous
membrane for high efficiency nanofiltration†

Sarekha Woranuch, Autchara Pangon, Kantapat Puagsuntia, Nakarin Subjalearndee
and Varol Intasanta *

The objective of the present work is to develop nanofibrous membranes from rice-flour based nanofibers

containing PVA for high efficiency filtration. Rice flour-based biodegradable nanofibrous membranes were

prepared by an electrospinning technique. The contents of the rice flour in solution were systematically

varied before 25% w/w was set as an optimal condition where good processability, fibers with well-

defined morphology and uniform diameter could be successfully achieved for both polymer and

polymer nanocomposite. The rice flour nanofibrous membranes allow only tiny particles to pass through

(less than 0.1 micron). Likewise, the incorporation of silver nanoparticles and b-cyclodextrin into the

nanofibrous membranes leads to improved antimicrobial properties and volatile organic compound

adsorption, respectively. The results suggest the potential use of nanofibrous membranes from rice flour

blends as low-environmental impact and high performance multipurpose nanofilters.
1. Introduction

High efficiency and multipurpose lters are of scientic, tech-
nological and social impact.1,2 As the need for clean air mani-
fests into business demand for effective air treatment systems
and products,3 nanoltration has emerged as a promising route
toward elimination of ultrane particles. Yet, particulate barrier
is only one among other crucial aspects of ltration. Bacterial
elimination and toxic gas prevention could also account for the
expected efficiency of advanced ltration.4,5 In addition, ultra-
high efficiency ltration requires frequent replacement as dust
could quickly accumulate and increase the pressure drop. As
such, disposable lters are highly preferred when the active
parts are made of ultrane porous membrane.

In recent years, active components for ltration have stem-
med from membranes,6 lter papers7 and microbers.8

However, each type of component was inherited with different
kind of drawbacks. Flexible and cost-effective, lter papers have
low ltration efficiency as their inner structures were made of
micron-sized cellulose short and long bres.9 Despite their
natural bending strength, lters made of synthetic microbers
also suffered low ltration efficiency due mainly to their
micron-sized internal porous structures.8 Costly, several porous
membranes lack required exural strength for the nal prod-
ucts to be pleated into various kinds of lters.10
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As efforts have been made to overcome such multiple
weaknesses associated with existing lter systems, nanobrous
membranes have emerged as one of the most promising alter-
native to high efficiency ltration.11 Their brous nature has
made these key components not highly effective but also
structurally exible. Formed by deposited nanobers on
a substrate, nanobrous membranes could be made into thin,
light and highly exible within apparently at arrangement
with micro-to-nano sized internal structures depending of the
sizes of the constituting bers. Several nanobrous membranes
have been fabricated from solutions by hydrothermal,12 elec-
trospinning13 and forced spinning.14 Among these approaches,
electrospinning has been popularized and vastly explored for
both scientic investigations and industrial productions.13

Having a potential for fabrication of stand-along nano-
brous membranes, electrospinning could be employed to
produce long and continuous brous structures, the features
highly associated with both tensile and exural strength.15 The
resulted functional nanobers could be derived from both
embedded functional components added into the precursor
solution prior to spinning16,17 and post-spinning surface modi-
cations by treating the membrane with desirable functional
chemicals.17,18 While the latter has proved convenient, the rst
approach was considered more effective because the implan-
tation of materials could translate into permanent functions
over subsequent usages and applications.19,20

Nevertheless, the uses of nanobrousmembrane in ltration
might encounter challenges associated with both high pressure
drop and short runtime due to accumulated particles blocking
aerial pathways.17,21 Even though engineering design could be
introduced to palliate such problems, it has been well-accepted
This journal is © The Royal Society of Chemistry 2017
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that maintenance and replacement were imminent for any types
of lters.22 Such disposal could nally lead to accumulating
waste and need for attritions.23 It could be deduced from the
above rationale that, while nanobrous membranes could have
potential in high efficiency ltration and engineering set up
could help improve the throughput, their clearance remained
environmentally problematic and needed research and devel-
opment attention.

We were interested in developing multifunctional nano-
brous lters with the main component made of degradable
materials derived from renewable resources. In addition to
biodegradability, antibacterial function and VOC absorbing
property were to be incorporated in our investigation.24–27 The
two auxiliary features were to play a benecial part in such
advanced high efficiency ltration as for medical operation and
microelectronic clean rooms.17 As such, rice starch became one
of the most promising target materials which could offer both
structural integrity and disposability with low environmental
impact due to its cellulosic features.24

Derived from rice our, rice starch could be processed
alkaline steeping method.28 This class of cellulosic materials
was a well-recognized polysaccharides with a rich variety of
amylose–amylopectin combinations.29 As a main component,
amylose composed of a linear chain and constituted to the
amorphous part of starch granule. In contrast, amylopectin
represented branched molecules and contributed to the crys-
talline component. The interactions and variation between
these two key components led to vast variety of rice with
different physical structure and mechanical properties.30,31 For
their unparalleled combinatorial characteristics including non-
toxicity, biodegradability, biocompatibility, and ability to form
lms, membranes, gels, and bers, starches have been of both
scientic and industrial interest.32–34

Recently, we studied the fabrication of rice starch-based
functional nanobers by investigating the relevant solution
parameters.35 Obtained by simple physical grinding without any
further purication process, rice our was chosen to fabricate
bio-based nanobers. PVA was introduced to facilitate both
solution stability and ber formation, as electropsinning of
water-based rice our solution has proven difficult. We found
that the viscosity of precursor solutions, morphology, chemical
structure, crystallinity, thermal characteristics of and mechan-
ical property of resulted nanobers were strongly inuenced by
rice our content.

The objective of the present work was to develop nanobrous
membranes from rice our for high efficiency ltration. Rice
our-based biodegradable nanobrous membranes were
prepared by electrospinning technique. The contents of rice
our in solution would be systematically varied before an
optimal condition where good processability, bers with well-
dened morphology and uniform diameter could be success-
fully achieved for both polymer and polymer nanocomposite.
Filtration efficiency would be evaluated as only tiny particles
(less than 0.1 micron) were allowed to pass through. Subse-
quently, silver nanoparticles and b-cyclodextrin would be
incorporated into the nanobrous membranes for improved
antimicrobial property and volatile organic compound
This journal is © The Royal Society of Chemistry 2017
adsorption property. Finally, the potential use of such nano-
brous membranes from rice our blends as low-
environmental impact and high performance multipurpose
nanolter would nally be elaborated.
2. Materials and methods
2.1. Materials

Rice our was supplied by Bureau of Rice Research and Devel-
opment, Thailand. Polyvinyl alcohol (PVA, Mw � 205 000 g
mol�1), silver nitrate (AgNO3), b-cyclodextrin (C42H70O35) and
sodium hydroxide (NaOH) were obtained from Sigma-Aldrich,
Germany. Deionized water was used in all experiments.
2.2. Preparation of electrospinning solutions

Ten electrospinning precursor solutions were prepared using
different compositions, as shown in Table 1. PVA solution (8%
w/w) was prepared by rst dispersion of PVA pellets in distilled
water followed by magnetic stirring for 2 h at 95 �C. In similar
manner, rice our solution (8% w/w) was prepared in 0.2 mM of
sodium hydroxide with magnetic stirring for 24 h at 80 �C. The
PVA solution, rice our solution and other additional additives
(AgNO3 and b-cyclodextrin) were mixed at weight ratio of rice
our solution to PVA solution of 25 : 75 and then stirred for 24 h
at room temperature.35 Rice our/PVA blend solution was
named as NF whereas the ones with AgNO3 at a concentration of
0.05 M, 0.1 M and 0.2 M were coded as NFS1, NFS2 and NFS3,
respectively. NF solutions with b-cyclodextrin solid content for
10% w/w, 20% w/w and 40%w/w were coded as NFB1, NFB2 and
NFB3, respectively. NF containing 0.2 M of AgNO3 and 20% w/w
of b-cyclodextrin was coded as NFSB. The viscosity values of
these solutions were given in Table 1.
2.3. Preparation of the electrospun nanobers

Electrospinning was carried out using Nanospider technology
(Nanospider laboratory machine NS LAB 500S, Elmarco s.r.o). A
precursor solution (25 mL) was fed into the Nanospider's 50 mL
semi cylindrical reservoir, equipped with wire electrodes con-
nected to a high-voltage supply. During the process, the elec-
trode was rotated at 8 rpm. The distance between the rotating
wire electrode and the ground electrode was 18 cm. In this work,
the applied voltage was set at 65 kV.
2.4. Morphological analyses of electrospun nanobers

Morphological analyses were done using Scanning Electron
Microscopy (SEM) Hitachi E-1010 (Hitachi High-Technologies
Corp., Japan). A prospective sample was xed on a specimen
stub with carbon adhesive tape and sputter-coated with a thin
layer of gold. Finally, SEM micrographs were collected at an
accelerating voltage of 20 kV and working distance of 5 mm.
Average diameters of bers were analyzed using image analysis
soware (Image-J) and calculated by selecting 10 bers
randomly observed on the SEM images.
RSC Adv., 2017, 7, 35368–35375 | 35369
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Table 1 Composition and average diameter of nanofibers

Sample

Additives

Viscosity of electrospun
solutiona (cP)

AgNO3

(molar)
b-Cyclodextrin
(% w/w of solid content)

Rice our — — 250 � 26.35
PVA — — 239 � 23.98
NF — — 339 � 23.98
NFS1 0.05 — 338 � 21.32
NFS2 0.1 — 345 � 22.85
NFS3 0.2 — 341 � 20.11
NFB1 — 10 337 � 20.12
NFB2 — 20 338 � 17.23
NFB3 — 40 340 � 25.84
NFSB 0.1 20 339 � 27.46

a Viscosity of electrospun solutions was determined with a Brookeld
viscometer (DV-IIV cone ultra programmable rheometer, Brookeld
Engineering Laboratories, USA).
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2.5. Crystallinity of nanobers

X-ray diffraction (XRD) patterns were recorded by a Bruker D8
Advance X-ray diffractomer (Germany) over a 2q range from 5� to
60� with a scan rate of 0.04� min�1. The degree of crystallinity
(Xc) was calculated from eqn (1):

Xc (%) ¼ (Ac/[Ac + Aa]) � 100 (1)

where Ac represented the area under the peaks representing the
total crystalline region and Aa represented the area under the
peaks representing the total amorphous region.
2.6. Antimicrobial activity of nanobers

Antibacterial activity of an electrospun nanobrous sample was
evaluated against AATCC-147-2014 method, with Escherichia coli
and Staphylococcus aureus as model microbes. The sample was
placed above an inoculated nutrient agar plate for close contact.
The plate was then incubated at 37 �C overnight and analyzed
for zone of inhibition. The antibacterial degree could be eval-
uated from the size of inhibition zone.
2.7. Absorption of volatile organic compound (VOC)

The VOC-absorbing capability of the nanobers was investi-
gated by exposing them to toluene vapor. For this experiment,
10 mL of toluene was placed onto a glass Petri dish and trans-
ferred to the bottom of a desiccator (diameter 30 cm, height 30
cm). Then, 20 mg of nanobers were placed into the desiccator.
The nanobers were kept in toluene vapor for 24 h. Then
nanobers were removed from desiccator and kept in a suction
hood for 3 h to remove free toluene or only adsorbed on surface
of the sample. The amount of entrapped toluene was examined
by using Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra were obtained with a Nicolet 6700 (Thermo Scientic,
Inc., United States) using 128 scans at a resolution of 2 cm�1

over a wavenumber range of 500–4000 cm�1.
35370 | RSC Adv., 2017, 7, 35368–35375
2.8. Tensile testing of nanobers

Mechanical properties of the samples were examined by the
ASTM D882 method, using an Instron Model 5566 testing
machine (UK). A nanobrous sample was cut into a rectangular
shape (5 cm � 1 cm) prior to testing. The test was performed
using a load cell of 1 kN, a crosshead speed of 10mmmin�1 and
a grip separation of 10 mm. Ten replicates were tested for each
sample to obtain an average value. The lm thickness was
measured at ve positions on the perimeter and at the center of
the lm by a digital caliper to obtain an average value.

2.9. Air permeability of nanober on lter paper

Air permeability was determined by the ASTM D 737 method
using an air permeability tester (model M021A; SDL Atlas, USA)
with a testing head of 20 cm2. The air permeability test was
performed at constant air pressure of 100 pascal. The results
acquired from the tester were taken in units of cm3 s�1 cm�2.
Five replicates were tested for each sample.

3. Results and discussion
3.1. Morphology of nanobers

In Fig. 1a, it could be seen that electrospinning of pure rice four
solution resulted in no bers as unveiled by SEM. In stark
contrast, PVA solution led to smooth and dimensionally
uniform nanobers with the mean diameter of 158 � 23 nm
(Fig. 1b). The blend nanobers with rice our weight content of
25% w/w (NF) also exhibited physical uniformity with the
average diameter of 151 � 36 nm (Fig. 1c). The result indicated
that PVA provided good spinnability which was consistent with
a previous investigation on PVA/starch blends reported by Liu
and He (2014).36 Five precursor formulations containing a small
amount of particulate nanosilver and b-cyclodextrin (NFS1,
NFS2, NFB1, NFB2 and NSSB) gave rise to continuous nano-
bers with the mean diameter in the range of 150 � 27–153 �
28 nm (Fig. 1d, e, g, h and j, respectively). However, increased
amount of silver (at 0.2 molar) or b-cyclodextrin (at 30% w/w of
solid content) resulted pronounced appearance of beaded
nanobers with an average diameter of 150 � 11 nm and 149 �
21 nm, respectively (Fig. 1f and i). This might be due to per-
turbed polymer chain entanglement at relatively high content of
nanosilver.

3.2. Crystallinity

The crystallinity of nanobers was analyzed by XRD technique.
Rice our exhibited diffraction peaks at 2q of 15.2�, 17.6�, 18.3�

and 23.1�, corresponding to A-type crystal structure (Fig. 2a).37,38

PVA nanobers showed a major peak at 19.8� (Fig. 2b).39 Fig. 2c
displayed XRD patterns of silver nanoparticles at 38.3� and
44.5� (ref. 40) and of b-cyclodextrin at 12.7� and 19.7� (Fig. 2d).41

NF nanobers exhibited a distinctive diffraction peak at 19.8�

attributed to crystalline domain of PVA (Fig. 2e). Meanwhile,
incorporation of silver nanoparticles and b-cyclodextrin did not
affect the crystal type of NF (Fig. 2f–h). However, the peak at
38.3� became prominent in NF containing silver nanoparticles
(Fig. 4f and h).
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM micrographs at 20 kV of different nanofibers: (a) rice flour,
(b) PVA, (c) NF, (d) NFS1, (e) NFS2, (f) NFS3, (g) NFB1, (h) NFB2, (i) NFB3
and (j) NFSB.

Fig. 2 X-ray diffractograms of: (a) rice flour, (b) PVA nanofibers, (c)
silver nanoparticles, (d) b-cyclodextrin, (e) NF, (f) NFS2, (g) NFB2 and (h)
NFSB.
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The degree of crystallinity of PVA was calculated by eqn (1) to
be 35.16%. Compared with PVA nanobers, NF showed higher
crystallinity of 37.82% (Table 2). At the same time, crystallinity
of NF nanobers increased by adding silver nanoparticles and
b-cyclodextrin (53–60%). It was hypothesized that the two
additives function as nucleating agents which promoted further
crystallization of PVA.
Table 2 Degree of crystallinity of nanofibers

Sample code Degree of crystallinity (%)

PVA 35.16
NF 37.82
NFS2 53.0
NFB2 58.0
NFSB 60.8
3.3. Antimicrobial activity

Silver nanoparticles have the ability to anchor to the bacterial
cell wall and subsequently penetrate it, thereby causing struc-
tural changes on the cell membrane such as hole creation and
subsequently death of the cell.42 In general, silver nitrate and
reducing agent are used as starting materials for the prepara-
tion of silver nanoparticles. Different reducing agent such as
glucose, sodium hydroxide, sodium borohydride and elemental
This journal is © The Royal Society of Chemistry 2017
hydrogen could reduce Ag+ and initiate the formation of
metallic silver (Ag0).43,44 For this study, starch and NaOH were
used as reducing agent. The antimicrobial activity of NF, NFS2,
NFB2 and NFB nanobers against Escherichia coli and Staphy-
lococcus aureus was evaluated. Zone of inhibition under and
around the nanobrous test samples represented the antimi-
crobial activity.45 Fig. 3 showed that the samples without silver
nanoparticles (NF and NFB2) did not show any clear zone
against the two bacteria. However, the nanobers containing
silver nanoparticles (NFS2 and NFSB) clearly exhibited inhibi-
tory zones against the representative Gram-negative Escherichia
coli and the representative Gram-positive Staphylococcus aureus.
Furthermore, as interpreted from the size of clear zone, the
antimicrobial activity in silver nanoparticles-loaded nanobers
was found to be more effective against Staphylococcus aureus
than against Escherichia coli (Table 3). The antimicrobial
difference could be due to thick bilayer lipid structure of the
Gram-negative bacteria, which might limit the binding and the
RSC Adv., 2017, 7, 35368–35375 | 35371

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07484k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 3
:1

8:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
permeability of silver nanoparticles molecules.46 Consistent
with our study, Zhang et al.47 reported that the incorporation of
Ag nanoparticles into PVA nanobers could improve the anti-
microbial activity of nanobers against both Gram-positive
Staphylococcus aureus and Gram-negative Escherichia coli (E.
coli) microorganisms. They also found that the membranes
show superior bacterial inhibition against Gram-positive with
respect to Gram-negative bacteria.
3.4. Adsorption of volatile organic compounds

Physical adsorption of model VOC in dried solid-state nano-
brous membrane could be evaluated by noninvasive FTIR
method for interactive chemical composition analysis. Fig. 4
Fig. 3 Photographs taken after 24 h of incubation, showing the
antibacterial activity against Escherichia coli (left column) and Staph-
ylococcus aureus (right column) through zone of inhibition (ZOI) of
different nanofibers: (a) NF, (b) NFS2, (c) NFB2 and (d) NFSB.

35372 | RSC Adv., 2017, 7, 35368–35375
showed FTIR spectra of rice our, PVA, b-cyclodextrin, toluene
and nanobrous samples of NF, NFS2, NFB2 and NFSB,
untreated and treated with toluene vapor. Rice our possessed
characteristic peaks at 3288 cm�1 (OH), 2920 cm�1 (C–H
stretching), 1640 cm�1 (OH bonding of water), 1062 cm�1

(glycosidic linkage) and 956 cm�1 (C–O stretching) (Fig. 4a).48,49

PVA exhibited major characteristic bands at 3320 cm�1 (OH),
2911 cm�1 (C–H stretching), 1082 cm�1 (C–O stretching)
(Fig. 4b).50 Spectrum of b-cyclodextrin showed the characteristic
peak around 3288 cm�1 (OH), 2920 cm�1 (C–H stretching) and
1015 cm�1 (C–O stretching) (Fig. 4c).51 While toluene exhibited
characteristic bands at 3026 cm�1 (C–H stretching in aromatic
ring), 1492 cm�1 (C–C stretching in aromatic ring) and 722
cm�1 (out of plane C–H bending) (Fig. 4d).52 The spectrum of NF
and NFS2 nanobers possessed characteristic peaks of rice our
and PVA, indicating that the two samples consisted of both rice
our and PVA (Fig. 4e and f). However, silver nanoparticles
could not be detected by FTIR technique. With respect to NF,
NFB2 and NFSB nanobers showed new absorption peak of C–O
stretching (977 cm�1) (Fig. 4g and h), implying that the nano-
bers composed of b-cyclodextrin. Aer NF, NFS2, NFB2 and
NFSB nanobers were treated with toluene, only the nanobers
with b-cyclodextrin showed new peaks at 1492 cm�1 (C–C
stretching in aromatic ring of toluene) (Fig. 4i–l). It could be
said that the nanobers adsorbed toluene through b-cyclodex-
trin molecule. This result was in accordance with previous
reports. Celebioglu et al.53 prepared hydroxypropyl–beta-
cyclodextrin and hydroxypropyl–gamma-cyclodextrin electro-
spun nanobers for VOC entrapment. They found that cyclo-
dextrin in nanobers could entrap higher amount of VOC from
their surrounding compared to their powder form due to very
high surface area of the cyclodextrin-incorporated nanobers.

3.5. Mechanical properties

From a stress–strain curve, tensile strength, modulus and
elongation at break of nanobrous membrane could be deter-
mined from the maximum stress, the slope at elastic (linear)
region and the strain at break, respectively. PVA nanobrous
membrane showed tensile strength, modulus and elongation at
break of 4.60 MPa, 10.44 MPa and 146.4%, respectively (Fig. 5).
NF exhibited higher tensile strength (5.67 MPa) and modulus
(12.45 MPa), but lower elongation at break (121.36%) than those
of the PVA nanobers. The increase of tensile strength and
stiffness, as well as the reduction of extensibility of nanobers
Table 3 Average sizes of inhibition zones for nanofibers

Sample code

Size of inhibition zonea (mm)

Escherichia
coli

Staphylococcus
aureus

NF 0 0
NFS2 0.5 � 0.3 2.4 � 0.5
NFB2 0 0
NFSB 1.0 � 0.4 1.6 � 0.2

a Each value represents the mean � SD (n ¼ 3).

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07484k


Fig. 4 FTIR spectra of (a) rice flour, (b) PVA nanofibers, (c) b-cyclo-
dextrin, (d) toluene, (e) NF nanofibers, (f) NFS2 nanofibers, (g) NFB2
nanofibers, (h) NFSB nanofibers, (i) NF nanofibers treated with toluene
vapor, (j) NFS2 nanofibers treated with toluene vapor, (k) NFB2 nano-
fibers treated with toluene vapor and (l) NFSB nanofibers treated with
toluene vapor.

Fig. 5 (A) Tensile strength, (B) modulus and (C) elongation at break of
different nanofibers. Data are reported as mean� SD, n¼ 10. Different
small letters indicate a significant difference at p < 0.05 (Duncan's new
multiple range test).
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aer blending with rice our might result from the formation of
intermolecular bonds between PVA and starch.35 In this case,
hydrogen boding between the polymer and starch became
crosslinking network which translated into the physical origin
of enhanced Young's modulus. The incorporation of silver
nanoparticles in NFS2, b-cyclodextrin in NFB2 or silver nano-
particles/b-cyclodextrin in NFSB led to slightly increased tensile
strength (5.69–6.15 MPa) and modulus (12.47–13.45 MPa), with
decreased elongation at break (95.02–107.13%) in comparison
with NF nanobers. Previously, Sheikh et al. reported that the
addition of silver nanoparticles to polyurethane nanobers
caused increased tensile strength.54 Likewise, Xu et al. revealed
that tensile strength and modulus of PVA was augmented upon
addition of b-cyclodextrin, suggesting that silver nanoparticles
and b-cyclodextrin act as a reinforcement for the nanobers.55
Table 4 Air permeability of nanofibers on filter paper at varying
spinning time

Sample

Air permeabilitya (cm3 s�1 cm�2)

15 min 30 min 60 min

PVA 6.12 � 0.30 4.41 � 0.22 0.37 � 0.06
NF 5.87 � 0.15 4.23 � 0.27 0.21 � 0.04
NFS2 6.47 � 0.21 4.19 � 0.19 0.22 � 0.12
NFB2 5.65 � 0.29 3.92 � 0.32 0.16 � 0.09
NFSB 5.79 � 0.31 4.08 � 0.21 0.19 � 0.11

a Each value represents the mean � SD (n ¼ 3).
3.6. Air permeability of nanobrous membranes deposited
on lter paper

Air permeability represented a volume of air passing through
a material per unit time per unit area. The property could be
required in deciding the appropriate lter membrane for air
ltration equipment. Air lter paper for general ltration
exhibited air permeability of 8.63 cm3 s�1 cm�2. The value of air
permeability with nanobrous membrane spun for 15 minutes,
30 minutes and 60 minutes decreased in the range of 5.65–6.12
This journal is © The Royal Society of Chemistry 2017
cm3 s�1 cm�2, 3.92–4.41 cm3 s�1 cm�2 and 0.16–0.37 cm3 s�1

cm�2, respectively (Table 4). The reduction of air permeability
might involve the decrease of porosity in the presence of the
nanobrous membrane. In addition, air permeability of the
nanobers coated lter paper decreased with increasing
RSC Adv., 2017, 7, 35368–35375 | 35373

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07484k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 3
:1

8:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
spinning time. This might be due to the increased thickness of
nanobrous membrane upon spinning time. Finally, as the
nanobrous samples were evaluated against ASHRAE 52.2-
2012/EN 779: 2012 standard test method, it was found that
the membranes could block model dusts as small as 0.1
microns, suggesting their strong potential for multifunctional
high efficiency ltration (see ESI†).
4. Conclusions

Rice our-based biodegradable nanobrous membranes were
prepared by electrospinning technique. The contents of rice
our in solution were systematically varied an optimal condi-
tion where good processability, bers with well-dened
morphology and uniform diameter could be successfully ach-
ieved for both polymer and polymer nanocomposite. The rice
our nanobrous membranes allowed only tiny particles (less
than 0.1 micron) to pass through. Likewise, the incorporation of
silver nanoparticles and b-cyclodextrin into the nanobrous
membranes led to excellent antimicrobial property and VOC-
adsorption property, respectively. The results suggested the
potential use of nanobrous membranes from rice our blends
as low-environmental impact and high performance multipur-
pose nanolter.
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