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a b s t r a c t

A uniform electrospun nanofibrous membrane was fabricated from chitosan (CS)–polyvinyl alcohol
(PVA)/organic rectorite (OREC) with different mixing ratios by solution-mixing process and eleltrospin-
ning technologies. The morphology, intercalation between polymer and OREC, and bacterial inhibition
activity of the electrospun membranes were investigated. Field emission scanning electron microscopy
vailable online 21 September 2010

eywords:
lectrospinning
hitosan
ayered silicate

showed uniform fibrous structure generated with the addition of OREC. Energy-dispersive X-ray spec-
troscopy results confirmed the existence of OREC on the surface of electrospun membranes. Fourier
transform infrared spectra and small angle X-ray diffraction results verified that the interlayer of OREC
was intercalated by CS and PVA chains successfully. The controllable interlayer distance of OREC was
enlarged from 3.68 to 4.28 nm. The membranes had enhanced bacterial inhibition activity with the
addition of OREC.
oly(vinyl alcohol)

acterial inhibition activity

. Introduction

Polymer/layered silicate composite nanofibers have unique
hysical and chemical properties of both inorganic and organic
aterials (Wang et al., 2006). They also have characteristics of

anofibers such as ultrafine diameter, high surface area-to-volume
atio, three-dimensional (3D) nanofibrous structure, etc. (Ding,
imura, Sato, Fujita, & Shiratori, 2004; Ding, Li, Miyauchi, Kuwaki,
Shiratori, 2006; Ji et al., 2006; Lee, Kim, Chen, Shao-Horn, &

ammond, 2009; Yang, Tao, Pang, & Siu, 2008). Recently, poly-
er/layered silicate nanofibers and their potential applications

n aerospace, biodegradable materials, catalysis, etc. have been

tudied (Njuguna & Pielichowski, 2004; Wypych & Satyanarayana,
005; Marras, Kladi, Tsivintzelis, Zuburtikudis, & Panayiotou, 2008;
u, 2009). In our group, we have previously found a type of pre-
erred rectorite (REC), especially organic rectorite (OREC) modified
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onghua University, Shanghai 201620, China. Tel.: +86 21 62378202;
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from REC (Wang, Du, Luo, Lin, & Kennedy, 2007; Wang, Pei, Du, &
Li, 2008; Wang, Du, Luo, et al., 2009; Wang, Du, Sun, & Liu, 2009).
It has larger interlayer distance, better separable layer thickness
and layer aspect ratio than regular montmorillonite (MMT), which
may have more favorable properties that could be used in rela-
tive applications (Wang et al., 2007; Wang, Pei, et al., 2008; Wang,
Du, Luo, et al., 2009; Wang, Du, Sun, et al., 2009). Although several
polymer/layered silicate nanocomposite products with different
shapes and applications are now available, only a few nanofibrous
membranes are studied based on polymer/MMT (Wang et al., 2006,
2007).

Electrospinning has been considered as an efficient and simple
method to fabricate submicron-sized fibers, which involves gener-
ation of a jet of viscous solution and formation of ultra-fine fibers
(Sakai, Antoku, Yamaguchi, & Kawakami, 2008; Yu et al., 2009).
In order to fabricate electrospun polymer/layered silicate nanofi-
brous membranes, polymers were mixed with OREC. Chitosan
(CS) is a polysaccharide that has a number of properties such as
haemostatic activity (Bonferoni, Sandri, Rossi, Ferrari, & Caramella,
2009; Spasova, Paneva, Manolova, Radenkov, & Rashkov, 2008),

non-toxicity (Neamnark et al., 2007; Wu, Wei, Wang, Su, & Ma,
2007; Zhu, Chen, Yuan, Wu, & Lu, 2006), biodegradability (Bagheri-
Khoulenjani, Taghizadeh, & Mirzadeh, 2009; Li, Leung, Hopper,
Ellenbogen, & Zhang, 2010), and intrinsic antibacterial properties
(Sajomsang, Tantayanon, Tangpasuthadol, & Daly, 2009; Sanpo,
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Table 1
�-Potential (mV) of OREC powder, CS powder, and CS–OREC composite particles
(12/1).
74 H. Deng et al. / Carbohydra

ng, Cheang, & Khor, 2009). Therefore, it is preferred to be used in
ntibacterial applications. However, there are only a few reports on
S/layered silicate nanocomposites based on MMT (Liu, Liu, Chen, &
iu, 2008; Podsiadlo, Tang, & Kotov, 2005; Wang, Du, & Luo, 2008).
arder, Colilla, and Ruiz-Hitzky (2003) and Darder, Colilla, and
uiz-Hitzky (2005) have synthesized functional CS/MMT nanocom-
osites, which have been successfully used in the development
f bulk modified electrodes. In their study, the prepared CS/MMT
anocomposites based on only pristine MMT but not modified
MT. Consequently, the obtained interlayer distance was not very

arge, which may directly affect the improvement of the material
roperties. On the other hand, a few people studied CS/layered
ilicate nanofibers with addition of REC. Wang et al. (2006) and

ang, Du, Sun, et al. (2009) have examined the antibacterial activ-
ty of CS/OREC and quaternized chitosan/OREC nanocomposite, and
evealed that OREC could enhance the degree of bacterial inhibition.
owever, the formation of nanofibers based on chitosan–rectorite

ntercalated has not yet been studied.
In the past decade, several research groups have tried to gen-

rate uniform nanofiber from pure CS, but it was proved to be
ifficult because of its viscosity, conductivity and surface tension
De Vrieze, Westbroek, Van Camp, & Van Langenhove, 2007; Geng,
won, & Jang, 2005; Ohkawa, Cha, Kim, Nishida, & Yamamoto,
004). Therefore, polymers that could generate fibers easily such
s poly(vinyl alcohol) (PVA) were added to assist fiber formation.
ecently, more and more researchers have investigated the mor-
hology of nanofibers fabricated from CS (or derivatives of CS)/PVA
ixture (Sajeev, Anand, Menon, & Nair, 2008; Zhang et al., 2007;

hou, Yang, & Nie, 2007). It was found that the properties of poly-
ers, including concentration, blending ratio and some process

arameters, will affect the fiber morphology.
In this study, OREC was prepared by cation exchange from REC.

hen a series of CS–OREC intercalated composite based nanofibrous
embranes was fabricated. The morphology of the nanofibers and

ffect of OREC on the antibacterial activity of these electrospun
anofibrous membranes were examined.

. Experimental

Chitosan (CS, Mw = 2.0 × 105 kDa) from shrimp shell with 92%
eacetylation was from Zhejiang Yuhuan Ocean Biochemical Co.,
hina. Calcium rectorite (Ca2+-REC) refined from the clay minerals
as provided by Hubei Mingliu Inc. Co., China. PVA (Mw = 9 × 104)
as purchased from Wako Pure Chemical Industries, Japan. Acetic

cid was purchased from Aladdin Chemical Reagent Co., China. All
queous solutions were prepared using purified water with a resis-
ance of 18.2 M� cm.

2% CS solution was prepared by adding CS into 2% acetic acid
ith constant agitation in close vials for 2 h at room tempera-

ure. 7% PVA solution was prepared by dissolving PVA in distilled
ater at 70 ◦C with gentle magnetic stirring for 4 h. OREC was
repared by sodium dodecylsulfonate cation exchange reactions
s was described previously (Wang et al., 2006, 2007). The OREC
uspension was pretreated by ultrasonication. Then 2% chitosan
olution was added dropwise and slowly into OREC suspensions
t 60 ◦C under gentle agitation for 12 h to obtain mixed solutions.
he resultant homogeneous solutions with the aqueous PVA solu-
ion were mixed to obtain CS/PVA mixture at 10/90, 20/80, 30/70,
0/60, 50/50 and 60/40 mass ratios. All the CS/PVA mixture solu-
ions used for electrospinning contain 1% OREC. The concentrations

f all solutions were expressed in wt/wt%.

The electrospinning solution was fed into a plastic syringe
riven by a syringe pump (LSP02-1B, Baoding Longer Precision
ump Co., Ltd., China). The positive electrode of a high voltage
ower supply (DW-P303-1ACD8, Tianjin Dongwen Co., China) was
Samples OREC CS CS–OREC

�-Potential (mV) −8.3 25.1 27.6

clamped to the metal needle tip of the syringe, and the cylindri-
cal collector covered by aluminum foil was grounded. The applied
voltage was 17 kV, and the tip-to-collector distance was 15 cm. The
ambient temperature and relative humidity were maintained at
25 ◦C and 45%, respectively. The prepared fibrous membranes were
dried in vacuum at room temperature to remove the trace solvent.

Field emission scanning electron microscopy (FE-SEM) and
energy-dispersive X-ray (EDX) spectroscopy images were obtained
by Hitachi S-4800 (S-4800, Hitachi Ltd., Japan). Fourier transform
infrared (FT-IR) spectra were recorded by Nicolet170-SX (Thermo
Nicolet Ltd., USA). The small angle X-ray diffraction (SAXRD) was
performed on type D/max-rA diffractometer (Rigaku Co., Japan)
with Cu target and K� radiation (� = 0.154 nm). Optical density (OD)
in the bacteria inhibition experiment was determined by ultravi-
olet (UV)–visible spectrometer UV–vis (722 s, Shanghai Precision
& Scientific Instrument Co., Ltd., China). �-Potential analysis was
preformed using a Nano-25 zetasizer (Malven, England).

The antibacterial activity of nanofibrous membranes was mea-
sured according to previous study (25). Gram-negative Escherichia
coli was selected as a representative bacterial and cultivated in cul-
ture medium in an incubator. The nanofibrous mats were sterilized
under an ultraviolet radiation lamp for 30 min, cut in squares of
1 × 1 cm2, and incubated with 107 CFU/mL E. coli in bacterial culture
medium at 37 ◦C for 18 h. Based on the optical density (OD) from
the UV–vis measurement, the antibacterial activity was calculated
using the following equation:

Antibacterial activity = A − B

A
× 100% (1)

where A and B are the OD of surviving cells in control and test
samples, respectively.

3. Results and discussion

Fig. 1 shows the typical FE-SEM images of fibrous membranes
electrospun from CS/PVA/OREC mixture solutions with 1% OREC
and different CS/PVA weight ratios. The microstructure of com-
posite nanofibers was affected by the variation of the mixture
compositions. The diameters of fibers fabricated from pure PVA
(Fig. 1a) were much thicker than that of the fibers fabricated
from the solutions containing CS, because CS can form ultra-fine
nanofibers and the fiber generating efficiency was much less than
that of PVA. In addition, beads can be observed in the nanofibrous
mats and the average diameter of spun-nanofibers decreased when
CS content increased in the mixed solution, which was caused by
different viscosity and conductivity of CS and PVA solution. CS is
a weak natural cationic polysaccharide because its amino group is
easily protonated in aqueous media, especially at low pH. Oppo-
sitely, PVA solution tends to be neutral and the OREC will become
anionic in this solution (Table 1). These results suggested that
the different properties of the three components in the mixture
solution could affect the properties of the blend solution and the
formation of fibers.

As we know, the main components of OREC are Si, Al, and Na

elements. EDX spectrum was next recorded to identify the exis-
tence of the compositions of OREC from a selected rectangle area of
CS–OREC/PVA composite nanofibrous mats. As is shown in Fig. 2a,
the characteristic peaks of Si, Al, and Na elements were detected
in the spectrum. The EDX data confirmed that OREC existed in
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ig. 1. FE-SEM images of nanofibrous membranes electrospun from solutions with
e) 40/60, (f) 50/50 and (g) 60/40.

he nanofibrous mats. Fig. 2b shows that the throughput ratio of
anofibers and the number of beads were correlated with CS/PVA
ass ratios. The diameters and the throughput ratio were propor-

ional to PVA content. These results were consistent with previous
tudies (Sajeev et al., 2008; Zhang et al., 2007; Zhou et al., 2007).
In order to investigate the effect of OREC on electrospun fiber
ormation, various concentrations of OREC in the mixture was regu-
ated at 0.1%, 1%, 1.5%, 2% and 3%, (Figs. 1c and 3). All the nanofibrous

ats maintained good fiber shape with the introduction of dif-
erent concentrations of OREC. When the concentrations of OREC
s CS/PVA mass ratios containing 1% OREC: (a) 0/100, (b) 10/90, (c) 20/80, (d) 30/70,

were higher than 1%, there were blocks reunited in the as-spun
fibers, which were undesirable for electrospun nanofibers. When
the concentration of OREC was as low as 0.1%, there was no visi-
ble difference in the morphology of fiber mats, compared with the
morphology of fiber mats when the OREC concentration was 1%.
Fig. 4a and b showed the morphology of the electrospun CS/PVA
composite nanofibers at CS/PVA mass ratios of 30/60 and 40/70.
Compared with the nanofibers at CS/PVA mass ratios of 30/60
(Fig. 1d) and 40/70 (Fig. 1e) that have OREC, the nanofibrous mats
fabricated from only CS/PVA without OREC formed more beads
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ig. 2. (a) EDX spectrum of selected composite nanofibrous membranes electros
hroughput and the density of beads per unit area of fibrous membranes produced

nd had much smaller diameters (Fig. 4a and b). It is known that
hen the conductivity of the electrospinning solution increases,

he beads formation is decreased. The electrical charge of OREC
ncreased solution conductivity, therefore, beads formation was
ecreased when nanoclay was added. Moreover, nanofibers in
ig. 4a displayed fewer beads and thicker diameters than that in
ig. 4b, because the concentration of CS was higher in Fig. 4a.
n summary, when OREC was added, the diameter of as-spun
anofibers and the number of beads will decrease remarkably.

Fig. 5 shows the FT-IR spectra of all the electrospun compos-
te nanofibers and the raw materials. CS has resonance bands at
423 and 1654 cm−1, commonly known as the N–H stretching of

he primary amino groups and the carbonyl stretching of the sec-
ndary amide band (Lim & Hudson, 2004). PVA nanofibrous mats
howed absorption bands at 3383, 2941, 1734, 1098, and 850 cm−1,
haracteristic of the O–H, –CH2, C O, C–O, and C–C resonances,
espectively (Li & Hsieh, 2006). OREC exhibited dominant peaks

ig. 3. FE-SEM images of nanofibrous membranes fabricated from CS/PVA (20/80) mixtu
wt%.
om solutions containing 1 wt% OREC with CS/PVA weight ratio of 40/60 and (b)
arious CS/PVA mass ratios.

at 467 and 546 cm−1, which was assigned to Si–O bending vibra-
tion, 910 and 3643 cm−1 bands mean –OH vibration, 1025 and
1050 cm−1 stand for Si–O stretching vibration band, and 1650 cm−1

causes by the bending vibration of H2O (Wang et al., 2006; Wang,
Du, Sun, et al., 2009). The OREC was synthesized from REC before
preparing the stock solution for electrospinning. There was little
change in the frequency and relative intensity of the peaks of OREC
and REC. Only the peaks appearing at 2921 cm−1 and 2851 cm−1

showed some differences, which was attributed to the –CH2, –CH3
stretching vibrations (Wang et al., 2006). This result indicated that
sodium dodecylsulfonate has been successfully exchanged into the
interlayer of unmodified Ca2+-REC.
In the spectra of PVA/OREC and CS/PVA/OREC nanofibrous mats,
the band of OREC at 3643 cm−1 disappeared, which implied that
the –OH of OREC reacted with PVA or CS. The –OH of OREC may
form ether bond with the –OH of CS or PVA, and possibly gener-
ate hydrogen bond with the amino group of CS. Compared with CS,

re containing various content of OREC: (a) 0.1 wt%, (b) 1.5 wt%, (c) 2 wt%, and (d)



H. Deng et al. / Carbohydrate Polymers 83 (2011) 973–978 977

un fro

C
a
M
i
w
h
h
C
e
l
N

t
fi
d
t
e

2

w
w
t
i
g
o
a

F
c
p

were merely general infiltration and hydrogen bonds. CS is more
efficient than PVA in the intercalation process.

The degree of bacteria growth inhibition of E. coli was examined
with the composition of as-spun nanofibrous mats. It was found
that all CS based nanofibrous mats exhibited antibacterial activ-
Fig. 4. FE-SEM images of nanofibrous membranes electrosp

S/PVA and PVA/OREC, the peak around 3448 cm−1 became wider
nd stronger in the CS/PVA/OREC composite nanofibrous mats.
oreover, the N–H bonded to O–H vibration band at 3448 cm−1

n CS shifts towards lower frequency no matter what it blends
ith. It revealed that the –NH2 and –OH groups of CS formed
ydrogen bonds with the –OH group of OREC and PVA. A strong
ydrogen bonding interaction may also form between and inside
S molecules when they are constrained in the gallery of OREC lay-
rs, as is seen in the spectra of the CS /PVA/OREC nanofibers with the
argest loading of CS chains into the interlayer of OREC, where the
–H and O–H vibrations shift to the lowest frequency (3419 cm−1).

To investigate the building of pre-designed intercalated archi-
ecture in composite nanofibrous mats, the SAXRD patterns of
brous samples were recorded to measure the change of gallery
istance of OREC before and after intercalation (Fig. 6). The dis-
ance between OREC is 3.68 nm, which is calculated by the Bragg’s
quation (2):

d sin � = n�. (2)

here d is the interlayer spacing, � is the angle of incidence, � is
ave length and n is an integer, standing for the order of the reflec-
ion. The SAXRD curves of the OREC based nanofibers diminished
n comparison with the curve of OREC. CS resulted in a much big-
er distance enhancement than PVA, because the cationic amido
f CS which was intercalated into the interlayer of OREC gener-
ted electrostatic repulsion force and compelled the distance of the

ig. 5. FT-IR spectra of REC powder, OREC powder, CS powder, PVA fibers and their
omposite fibrous membranes: (a) CS/PVA, (b) PVA/OREC and (c) CS/PVA/OREC com-
osite fibrous membrane with CS/PVA weight ratio of 40/60.
m CS/PVA mixture without OREC: (a) 30/70 and (b) 40/60.

interlayer to become large enough to accomplish a harmonious bal-
ance. As shown in the FT-IR spectra, the hydrogen bond between CS
and OREC is another reason for intercalation. For PVA chains there
Fig. 6. SAXRD patterns of CS powder, PVA fibers, OREC powder and their compos-
ite fibrous membranes containing 1 wt% OREC: (a) CS/OREC, (b) PVA/OREC and (c)
CS/PVA/OREC composite fibrous membrane with CS/PVA weight ratio of 40/60.

Fig. 7. Degree of bacterial growth inhibition of electrospun fibrous mats: (a) PVA,
(b) CS/PVA = 40/60, and (c) CS/PVA = 40/60 containing 1 wt% OREC.
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ty (Fig. 7). The CS–OREC/PVA nanofibrous mats exhibited a degree
f growth inhibition of 60%, the CS/PVA mats showed a degree
f growth inhibition below 40%, and the PVA nanofibrous mats
howed little antibacterial activity. These results indicated that the
egree of growth inhibition of the as-spun mats with the introduc-
ion of OREC was the highest, which revealed that the addition of
REC improved the antibacterial ability of the nanofibrous mats.
he enhancement of the degree of growth inhibition with the addi-
ion of OREC was consistent with the previous report (Wang et al.,
006). The results also suggested that CS has better antimicrobial
ctivity than PVA.

. Conclusions

In this study, CS–OREC based nanofibrous cellulose mats with
ntibacterial property were successfully prepared via electrospin-
ing. The morphology of the as-spun nanofibrous mats was greatly

nfluenced by the composition of the solutions including CS/PVA
eight ratios and the amount of OREC. The resultant samples main-

ained good fiber shape and 3D structure. The FT-IR and EDX results
emonstrated that OREC existed in the fibers. The SAXRD data
howed that OREC was intercalated by CS and the interlayer dis-
ance between OREC was enlarged by CS chains. The introduction
f OREC in nanofibrous mats led to better antibacterial activity.
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