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a  b  s  t  r  a  c  t

A  new  spicule-like  cellulose  nanostructure  is prepared  from  electrospun  cellulose  nanofibers  using  a  one-
pot bifunctional  catalysis  strategy  namely  hydrolytic  hydrogenation.  The  electrospun  cellulose nanofibers
or cellulose  film  was  treated  in  presence  of  catalyst  consisting  of  an alkali  and  a  metal  to  produce  cel-
luloses  with  structures  like nanospicules,  nanoflowers  or nanorods,  respectively.  This  work  highlights
the  promising  combination  of electrospinning  and  hydrolysis/hydrogenation  for  facile  production  of
hierarchical  cellulose  nanostructures  such  as  nanospicules  and  nanorods.
eywords:
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. Introduction

Polymers from renewable natural resources are very useful raw
aterials in day-to-day life. Among natural polymers, cellulose is

he most abundant polysaccharide that constitutes approximately
.5 × 1012 t of total biomass produced in a year (Klemm,  Schmauder,

 Heinze, 2002). The major sources are wood and plant, whereas
unicates, bacteria and algae are also known to produce cellulose
Moon, Martini, Nairn, Simonsen, & Youngblood, 2011). Tradition-
lly, cellulose is used for two general purposes. On one hand, it
as been used as a raw material for manufacturing of commodi-
ies such as paper, board, and textile fibers. On the other hand,
t is utilized as a precursor to produce artificial cellulose-based
hreads and films by means of chemical conversions. The major
ttraction for research on cellulose is not only because of abundance
nd economy but also due to its unique structure combined with
roperties such as biocompatibility, hydrophilicity, and the pres-

nce of reactive hydroxyl groups, which allows introduction of new
unctionalities that are useful for several applications (Heinze &
iebert, 2001).

∗ Corresponding author at: Department of Organic Materials and Fiber Engineer-
ng, Chonbuk National University, 567 Baekje-daero, Deokjin-gu, Jeonju 561-756,
epublic of Korea. Tel.: +82 632702352; fax: +82 632702348.

E-mail addresses: kbsuhk@jbnu.ac.kr, kbsuhk@yahoo.com (B.-S. Kim).
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Nanofabrication technology is a potential tool to modify the
properties of natural polymers for sustainable developments (Na
et al., 2014; Yinjuan et al., 2013). In view of green chemistry
principles, the interests in nanomaterials have shifted toward the
use of cellulose in recent years. Cellulose itself is not ascertained
as a highly performing material, while hierarchical nanostruc-
tures that compose of cellulose fibers opens up opportunities
for a wide range of applications in technical textiles, medical
industries, and separation techniques. Based on the morphology,
nanocellulose is classified into three types namely (i) cellulose
nanofibers, (ii) cellulose micro/nanofibrils, and (iii) cellulose
micro/nanocrystals or cellulose nanowhiskers (Moon et al.,
2011; TAPPI, 2012). Different methods have been developed
in recent decades to produce these nanocellulosic materials
by adopting mainly two  principles, broadly known as physical
and chemical modifications. In physical methods, the cellulose
is subjected to mechanical processes such as ultrasonication
(Johnson, Zink-Sharp, Renneckar, & Glasser, 2009; Wang & Cheng,
2009), high-pressure homogenization (Stelte & Sanadi, 2009;
Turbak, Snyder, & Sandberg, 1983), grinding/crushing (Iwamoto,
Nakagaito, & Yano, 2007; Chakraborty, Sain, & Kortschot, 2005),
and/or microfluidization to produce micro/nanofibrillated cellu-

lose. In the case of chemical method, the micro/nanocrystalline
cellulose is produced by an acid hydrolysis treatment. Both
techniques involve in pre-treatment, mostly TEMPO oxi-
dation (Saito, Nishiyama, Putaux, Vignon, & Isogai, 2006),
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ollowed by disintegration, deconstruction or depolymer-
zation of the cellulose. Electrospinning is also the other
ersatile technique for production of electrospun non-woven
ats of cellulose nanofibers (Cs-ESNWs) (Greiner & Wendorff,

007).
Inspired by the hydrogen formation in alkaline corrosion reac-

ions of aluminium, in this study, a novel strategy combining
lectrospinning and hydrolytic hydrogenation is used to produce
nique cellulose nanospicules. To the best of our knowledge, for
he first time, herein we introduce a new type of nanocellu-
ose consisting of spicule-like nanostructures obtained by in situ
ydrolysis/hydrogenation technique. Hydrolytic hydrogenation
as become a widespread technique until recently after successful
atalytic conversion of polysaccharides into low molecular weight
accharides. Hydrolytic hydrogenation is a bifunctional catalytic
trategy consisting of a transition metal catalyst and a dilute acid or
n acidic solid support (Vyver, Geboers, Jacobs, & Sels, 2011). For the
rst time, we demonstrate hydrolytic hydrogenation of cellulose
sing weak alkaline solution. By effectively controlling the hydrol-
sis/hydrogenation of electrospun cellulose nanofiber mats and
lms, new cellulose nanostructures were produced in this study.

. Experimental

.1. Electrospinning

The solution of cellulose acetate (CA, Mn = 50,000 g/mol,
ldrich) was prepared using dimethylacetamide/acetone (volume
atio = 1:2) at the concentration of 7–8 wt%. The solution was  placed
n a 10-mL syringe attached to a plastic tip with an inner diameter
f 0.6 mm.  The electrospinning was carried out at 9.5 kV (NanoNC
ower supply, Republic of Korea) at a tip-to-collector distance of
8 cm at about 25 ◦C and relative humidity of 45–50%. The electro-
pun fibers were collected on a grounded aluminium foil followed
y drying at 25 ◦C in vacuum for 24 h and then stored at room tem-
erature until further use (Khatri, Wei, Kim, & Kim, 2012; Kim &
im, 2011).

.2. Preparation of cellulose nanostructures

At first, the CA electrospun non-woven (CA-ESNW) mat  col-
ected on an aluminium foil was cut into small pieces (ca. 4 × 5 cm).
econdly, a set of CA-ESNW mats were peeled-off and deacetylated
n 0.05 M NaOH solution for 24 h at 25 ◦C to regenerate cellulose
anofibers (P-Cs-ESNWs) (Liu & Hsieh, 2002). Another set of CA-
SNW mats with aluminium foil were treated in 20 mL  of aqueous
lkaline solutions having 0.05 M,  0.1 M,  0.5 M,  and 1.0 M of NaOH at
mbient conditions. After a specific treatment time (1.5 min, 3 min,
nd 5 min), the aluminium foil was removed from the alkaline solu-
ion and further continued the treatment of CA-ESNW in alkaline
olution for another 24 h under mechanical shaking in order to
btain regenerated cellulose fibers. Then the cellulose nanofiber
ats were washed with distilled water for at least 3 times at the

nterval of 5 h followed by drying in vacuum for 24 h at 25 ◦C to
btain H-Cs-ESNWs. On the other hand, CA films were cast on
luminium foil using 7 wt% of CA solution followed by drying in
acuum for 24 h at 25 ◦C. The films were treated in alkaline solu-
ions similar to the CA nanofiber mats. The mean thickness of the
esulting cellulose fibers and film were measured as 70 and 10 �m,
espectively, using a digital micrometer (Mitutoyo ABSOLUTE) with

 resolution of 1 �m.
.3. Characterization

Scanning electron microscopy (SEM) images were taken using a
EOL JSM-5900 scanning electron microscope after sputtering the
olymers 117 (2015) 408–413 409

samples with platinum for 120 s. Energy dispersive X-ray mea-
surements were conducted using the EDAX system attached to the
same microscope. A field-emission microscope (FE-SEM) was also
used to observe the morphologies after sputtering the samples with
osmium for 7 s. X-ray diffraction (XRD) patterns were recorded on
a Rikaku X-ray diffractometer (Cu K� radiation).

A CA-ESNW mat  was  hydrolysis/hydrogenated in 1.0 M
NaOH. After 10 min  the nanofiber mat  was completely sol-
ubilized in 1.0 M NaOH. Then the solution was neutralized
using 1.0 M HCl and the fragments were analyzed by Fourier-
transform infrared spectroscopy (FT-IR, Perkin Elmer) and liquid
chromatography–mass spectrometry (LC/MS spectrometer, Agilent
1100 LC/MS).

3. Results and discussion

Two  sets of experiments were carried out for the preparation
of hierarchical cellulose nanostructures. In the first experiment,
the alkali treatment of cellulose acetate (CA) nanofibers that were
electrospun on aluminium foil was  investigated. On one hand,
the CA-ESNW nanofiber mats were peeled-off (P) from the alu-
minium foil and deacetylated in 0.05 M NaOH solution (Fig. 1a)
to regenerate the cellulose-nanofibers (Cs-ESNW). These regen-
erated cellulose nanofiber mats were indicated by P-Cs-ESNW.
On the other hand, the CA nanofibers on aluminium foil were
directly treated in aqueous NaOH solutions of varying concen-
trations (0.05–1.0 M NaOH) for a relatively short time ranging
from 1.5 to 3 min. These samples were indicated by H-Cs-ESNWs.
Fig. 1b–d shows the morphological changes in regenerated cellu-
lose fibers upon treatment with alkaline solution. With very low
concentration of NaOH and short treatment time, for instance,
0.05 M NaOH and 3.0 min, the cellulose fibers developed a spicule-
like nanostructure. Fig. 1d shows the magnified FE-SEM image
of cellulose nanofibers with spicule-like nanostructures. It clearly
reveals that parts of the cellulose nanofibers split into spicules
that still stuck on the originating fiber surface. Furthermore, X-ray
diffraction (XRD) patterns of H-Cs-ESNW and P-Cs-ESNWs exhib-
ited peaks at 2� = 20.3◦ and 22.7◦ corresponding to (4.31 Å) and
(3.94 Å) d-spacing, which are characteristics of cellulose I struc-
ture (Fig. 2) (Nishiyama, Langan, & Chanzy, 2002; Teixeira et al.,
2010). The XRD results revealed that the ordered structure of the
crystalline region on the H-Cs-ESNW is not disrupted by hydrol-
ysis/hydrogenation. In other words, spicule-like crystalline nano-
structures can be produced via a simple hydrolysis/hydrogenation
technique.

At about 3.0 min  of alkaline treatment in 0.05 M NaOH, the fiber
mats get detached from the aluminium foil due to rapid evolu-
tion of hydrogen gas. Meanwhile, increase in the alkaline strength
from 0.05 to 0.1 and 0.5 M NaOH indicated the development of a
non-homogeneous flower-like nanostructure in the cellulose fibers
(Fig. 3a). Further increase in the concentration of alkali has led to
the dissolution of cellulose fibers as seen in Fig. 3b. For the ease of
understanding, the splitting up of cellulose nanofibers into spicule-
like nanostructure can be compared to the blossoming of a bud to
a flower, where one edge of the petal are attached to the stem of
the flower.

The anomalous behavior of cellulose fibers in presence of
aluminium and NaOH can be explained by means of hydroly-
sis/hydrogenation mechanism. Aluminium is readily corroded in
alkaline environment even at room temperature. The combination
of aluminium/aqueous NaOH is a well-known system for hydro-
gen production (Belitskus, 1970; Soler, Candela, Macanás, Muûoz,

& Casado, 2009; Martíneza, Benítesa, Gallegosa, & Sebastiàn, 2005)
and is represented by the following series of reactions.

2Al + 6H2O + 2NaOH → 2NaAl(OH)4 + 3H2 (1)
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Fig. 1. SEM images of regenerated cellulose nanofibers (a) and development of hierarchic
(b  and c) and FE-SEM image (d) of hierarchical nanospicules in cellulose nanofibers.

Fig. 2. XRD patterns of P-Cs-ESNW mat  (Curve 1) and H-Cs-ESNW mat  (Curve 2).
Peaks at 2� = 20.3◦ and 22.7◦ corresponding to (4.31 Å) and (3.94 Å) d-spacing, which
are characteristics of cellulose I structure.

Fig. 3. Effect of NaOH concentration on development of non-homogeneous flower-like ce
dissolution of cellulose nanofibers in 1.0 M NaOH after hydrolytic hydrogenation.
al nanospicules in H-Cs-ESNW nanofibers after treatment in 0.05 M NaOH for 3 min

NaAl(OH)4 → NaOH + Al(OH)3 (2)

2Al + 6H2O → 2Al(OH)3 + 3H2 (3)

In Eq. (1), it is shown that the sodium hydroxide is consumed
to produce hydrogen gas. But when the concentration of sodium
aluminate (NaAl(OH)4) exceeds the saturation limit, sodium alu-
minate decomposes to regenerate sodium hydroxide along with
aluminium hydroxide (Eq. (2); Belitskus, 1970). The overall reac-
tion of hydrogen production is represented by Eq. (3). Generally,
aluminium is well protected by a dense oxide layer formed on its
surface due to their strong affinity for oxygen. However, alkaline
solutions are strong enough to destroy the protective oxide layer to
produce hydrogen gas. Accordingly, in this study, hydrogen evolu-
tion was  not observed until 1.5 min  in 0.05 M NaOH solution (Wang,
Leung, Leung, & Ni, 2009). It is proposed that the elemental hydro-
gen evolved from the corrosion reactions of aluminium foil with
aqueous NaOH solutions causes the hydrolysis/hydrogenation of

the glycoside bonds in the cellulose backbone leading to decon-
struction of cellulose nanofibers into spicule-like nanostructures.
In order to support this mechanism, a cellulose nanofiber mat
was subjected to hydrolysis/hydrogenation for 10 min  in 1.0 M

llulose nanostructures on treatment of cellulose fibers with (a) 0.1 M NaOH and (b)
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Fig. 4. ES-MS results extracted from LC–MS data of hydrolytic hydrogenated CA-
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Table 1
The ESI-mass spectral data for the products obtained upon hydrogenation of CA-
ESNW nanofibers in 1.0 M NaOH for 10 min.

m/z, Molecular species Molecular formula Assigned compound RA%

110.0, [M]+ C6H6O2 MF  54.4
126.0, [M]+ C6H6O3 HF 11.2
158.0, [M]+ C6H6O5 DF 44.3
164.9, [M + H]+ C6H12O5 DG 100.0
180.2, [M]+ C6H12O6 Glc 1.5
306.8, [M − H]+ C12H19O9 AP-DG 60.8
442.7, [M]+ C17H30O13 Xyl-DG 3.0
448.8, [M − H]+ C18H25O13 HF-Glc2 14.9
474.4, [M]+ C17H30O15 Glc2-Xyl 1.8
658.8, [M + Na]+ C23H40O20 Glc3-Xyl 7.4

Where, MF—methylfural; HF—5-hydroxymethylfurfual DF—3,4-dihydroxy-5-

F
o

SNW nanofibers in 1.0 M NaOH for 10 min. The fragments corresponding to m/z
alues were assigned to low molecular weight saccharides as given in Table 1.

aOH, which is sufficient condition for complete dissolution and
nalysed by liquid chromatography–mass spectrometry (LC–MS).
he mass spectral results revealed that the identified fragments
ere of low molecular weight saccharides such as D-glucose and

ther hydrolysis products of cellulose (Fig. 4 and Table 1). The
C–MS results confirmed the dissolution of cellulose nanofibers by
ydrolysis/hydrogenation in 1.0 M NaOH (Fig. 3b), which indicated
hat prolonged hydrolysis/hydrogenation treatment of cellulose
anofibers leads to depolymerization of cellulose molecules.

The FT-IR spectrum of hydrolysis/hydrogenated CA-ESNW
xhibited characteristic peaks corresponding to predominant frag-
ents such as glucose and furfural derivatives as shown in Fig. 5

Curve 2). Generally, the carbohydrates show characteristic peaks
f C O and C C in the region of 1550 to 600 cm−1. A broad peak
bserved in the region of 3600 to 2900 cm−1 was assigned to both

 H and C H stretching vibrations. A combination of O C H
nd C O H were observed from 1660 to 1471 cm−1. The in plane

eformation of C H and O H were exhibited between 1450 to
341 cm−1. The C H and O H deformation were observed from
230 to 1037 cm−1. The shart peak at 994 cm−1 is assigned to
tretching and bending vibrations of C H. It should be noted that

ig. 5. ATR-FTIR spectra of as spun CA-ESNW (Curve 1), and CA-ESNW treated in 1.0 M NaO
f  CA in Curve 2 suggests that hydrolytic hydrogenation in presence of Al foil is non-stere
acetyl-2-furanone; VAP—1,6-anhydro-d-glucopyranose; DG—2-deoxy-d-glucose;
Xyl—xylose; Glc—glucose; RA%—relative abundance percentage.

no peak for C O streatching vibration corresponding to cellulose
acetate was observed for the hydrolytically hydrogenated sample
(Fig. 5). It is proposed that the Al/NaOH system may  play an efficient
role of depolymerization of the cellulose via non-stereospecific
hydrolytic hydrogenation as well as deacetylation. Accordingly,
hierarchical cellulose nanostructures can be produced by hydrol-
ysis/hydrogenation technique by tuning time scale and alkaline
concentrations.

The elemental compositions found by SEM–EDS also supported
the claim by FT-IR results (data not shown). That is, the weight%s
of carbon and oxygen present in the CA-ESNW mats treated in
1.0 M NaOH for 10 min  were closely match with the values of the
regenerated cellulose nanofiber mats, suggesting that both depoly-
merization and deacetylation occurs simulataneously.

As a comparison to the Cs-ESNW nanofiber mats, the next set
of experiments was  performed on the effect of alkaline treatment
on the cellulose acetate film cast on aluminium foil. Similar to
the CA-ESNW mats, alkaline treatments were given to CA films
to obtain regenerated cellulose films. Fig. 6a–d shows the SEM
morphologies of cellulose films treated with different concentra-
tions of NaOH. Treatment of CA films in 0.05, 0.1, and 0.5 M NaOH
for upto 2 min  did not yield any microscopically observable hier-

archical nanostructures as seen in Fig. 5a. While increasing the
concentration of NaOH to 1.0 M,  short nanorods or whisker-like
nanostructures were observed (Fig. 6b–d). Fig. 5b shows that these

H for 10 min  (Curve 2). Disappearance of C O stretching vibration of acetyl groups
oselective in nature.
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ig. 6. Effect of NaOH concentration on cellulose film treated in (a) 0.05 M NaOH
agnified image of (b), which is close view of the nanostructures on hydrolysis/hyd

anostructures are produced homogeneously on the surface of the
egenerated cellulose film. Magnified SEM images at 30◦ tilt (Fig. 6c
nd d) provides a better view on close packing of the nanostruc-
ures on regenerated cellulose film. The above results indicated
hat by controlling the strength of alkaline medium and time scale
ia hydrolysis/hydrogenation, hierarchical nanostructures can be
roduced from cellulose films.

. Conclusion

The present study showed that the combination of electro-
pinning and hydrolysis/hydrogenation is a simple and inexpensive
echnique involving in a mild one-pot procedure for preparation of
ierarchical nanostructures, such as nanospicules from nanofibers
nd nanorods from films, which can be amendable to the large scale
reparation of various composite structures of polysaccharides. In
ost cases, hydrolysis/hydrogenation of cellulose is carried out

ither in hydrogen atmosphere or by means of transfer hydrogena-
ion by selecting suitable solvent in acidic environment (Vyver et al.,
011). The major advantages of this Al/NaOH catalytic system is
hat it is not only useful to produce nanospicules from nanofibers
nd nanorods from films, but also advantageous for producing low
olecular weight saccharides via depolymerization, which gives

nsight for production of energy, biofuel, and other useful chemi-
als from renewable biomass (Kobayashi, Matsuhashi, Komanoya,
ara, & Fukuoka, 2011). A good balance of catalytic functions, for

nstance, the time and NaOH concentration, is the most important
o produce the unique spicule-like and rod-like nanocelluloses.
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