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Nanofibers are lighter material with higher surface area
in comparison to polymeric film. The ease of producing
functional nanofiber is another advantage over many nano-
materials. Functional nanofiber in particular has attained a
greater interest in recent years.The applications of functional
nanofibers are increasing in various technical fields such as
water filter membranes, tissue engineering, biosensors, drug
delivery systems, wound dressings, catalysis, antibacterial.
This special issue is comprised of well-selective articles that
discuss production of functional nanofibers their applications
in different emerging fields.

M. Zhang et al. have presented exciting work on drug
delivery using nanofibers. They used collagen that was
extracted from abandoned Rana chensinensis skin in north-
eastern China via an acid enzymatic extractionmethod.They
demonstrated two different nanofiber-vancomycin (VCM)
systems, that is, VCM blended nanofibers and core-shell
nanofibers with VCM in the core, and both systems sustained
control release for a period of 80 hours. Another work
was presented by R. Takai et al. on blood purification
using composite nanofibers. About 10% of the population
worldwide is affected by chronic kidney disease (CKD). The
authors developed nanofiber meshes zeolite-polymer com-
posite nanofibers for efficient adsorption of creatinine, which
is a simpler and more accessible method for hemodialysis
(HD) patients.

The authors from Brazil M. Martelli-Tosi et al. took
the advantage of abounded raw material soya bean and
produced cellulose nanofibers from soybean straw.They used

a commercial enzyme to extract nanofibers. This enzymatic-
mechanical treatment yields cellulose nanofibers with diam-
eters of 5–15 nm that can be useful for biotechnological
applications such as generation of bioethanol or biogas.
Besides many other techniques, C. K. Saurabh et al. iso-
lated cellulose nanofibers (diameter, 5–10 nm) from Gigan-
tochloa scortechinii bamboo fibers. The resultant cellulose
nanofibers were used as reinforcement material in epoxy
based nanocomposites and showed improvement in tensile
strength, flexural strength, and modulus of nanocomposites.
N. H. Mohd et al. discussed modification on nanocrystalline
cellulose properties derived from empty fruit bunches and
showed the potential application for CO

2
capture.

B. Yalcinkaya et al. reported thin-film nanofibrous com-
posite membrane for dead-end seawater desalination for
nanofiltration. The composite membrane consists of a three-
layer system including a nonwoven part as the support-
ing material, a nanofibrous scaffold as the porous surface,
and an active layer. They prepared polyamide 6 nanofiber
using nanospider production line. The resultant nanofibers
are promising candidates for use as new high-performance
nanofiltration membranes due to their high flux and ion
rejection. Uniaxial alignment of electrospun nanofibers
shows a greater interest recently inmany fields. Y.-H.Wu et al.
developed polypropylene coated spinneret and a metal spin-
neret and used to carry out the single-fluid electrospinning
process. They effectively utilize the electrostatic repulsion
during electrospinning and obtained improved alignment of
nanofibers.
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Carbon nanomaterials such as carbon nanotubes, carbon
nanofibers, and graphene have recently been explored for
energy storage application such as supercapacitor due to
additional high specific surface area and unique electrical and
chemical inertness properties. A. M. Saleem et al. presented
a comprehensive review on performance enhancement of
carbon nanomaterials for supercapacitors. C. H. Su and C.
H. Huang discuss the impact of substrate outgassing on the
growth of carbon nanotubes (CNT) using the single-pulse
discharge method with aim to develop a simpler, safer, and
more energy efficient technique for growing CNTs having
zonal selectivity.

In summary, all authors put their great effort to present
the production of functional nanofibers and showed variety
of applications in different technical fields. We hope this
special issue will provide better understanding of the subject
and also provide new horizon of functional nanofibers.
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The application of renewable nanomaterials, like nanocrystalline cellulose (NCC), has recently been widely studied by many
researchers. NCC has many benefits such as high aspect ratio, biodegradability, and high number of hydroxyl groups which
offer great opportunities for modification. In this study, the NCC derived from empty fruit bunches (EFB) was modified with
aminosilane, 3-(2-aminoethylamino)propyl-dimethoxymethylsilane (AEAPDMS), and the characterization was performed to
investigate the potential as carbon dioxide (CO

2
) capture. Modification of NCC with AEAPDMS was carried out in water/ethanol

solvent (80/20) (v/v) with a ratio of NCC to aminosilane of 1 : 1, 1 : 2, 1 : 3, and 1 : 4 w/w%. The effects of AEAPDMS on NCC were
characterized using Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), X-ray diffraction (XRD)
analysis, elemental analysis (CHNS), and transmission electron microscopy (TEM). The existence of AEAPDMS onto NCC was
confirmed by ATR-FTIR spectroscopy as the new peaks of NH

2
were bending and wagging, and Si-CH

3
appeared. The thermal

stability of NCC increased after modification due to the interaction with AEAPDMS.The elemental analysis result showed that the
nitrogen content increased with an enhancement ratio of the modifiers. The XRD indicated that the crystallinity decreased while
the rod-like geometry of NCC was maintained after amorphous AEAPDMS grafted on the NCC. Since AEAPDMS can be grafted
on the NCC, the sample is applicable as CO

2
capture.

1. Introduction

Oil palm production is a major agricultural industry and
recently there aremore than threemillion hectares of oil palm
plantations in Malaysia [1]. Oil palm empty fruit bunches
fibers (OPEFB) represent about 9%of this total, as they are left
unutilized after the fruit bunches are pressed at oil mills and
the oil is extracted. OPEFB consist of 44.4% cellulose, 30.9%
hemicellulose, and 14.2% lignin and are still considered an
underutilized resource [2, 3]. Cellulose is available in various
types of natural fibers such as wood, cotton, jute fiber, and
pineapple fiber [4] but, recently, the abundantwaste of natural
fiber become a famous topic for researchers [5]. Cellulose is
a semicrystalline polysaccharide appearing in nature in the

formof fibers [6] and consists of a linear homopolysaccharide
composed of 𝛽-D-glucopyranose units linked together by 𝛽-
1-4-linkages like shown in Figure 1 [7–9].

Nanotechnology refers to the concepts and techniques
used to make products with unique functionality based
on their nanoscale properties. Nanomaterials have great
potential for a vast range of applications including medicine,
electronics, biomaterials, and energy storage/production. A
promising family of renewable nanomaterials is, nonetheless,
in the form of nanofibrillated cellulose (NFC), nanocrys-
talline cellulose (NCC), and bacterial cellulose (BC). These
polysaccharide nanoparticles can be obtained from cellulose,
the most abundant renewable form of biomass in nature
[10, 11]. Nanocellulose has great potential for applications
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Figure 1: The structure of polymer of cellulose chain shows the anhydroglucose unit in the chair conformation along with atom numbering
and the glycosidic link as well as both reducing and nonreducing ends of the polymer.

of coatings, polymer composites, and absorbents/adsorbents
and as rheological modifiers or emulsifiers. Nanocellulose
has many advantages like low cost, biodegradability, and
chemically reactive surface functionality [10].

Among the nanosized cellulose, NCC or nanocrystalline
cellulose which is produced by acid hydrolysis from cellulose
fibers arose much interest [10, 12, 13]. A complete dissolution
of the noncrystalline fractions yields rod-like nanocrystals
with 5 to 20 nm in width and up to 1 𝜇m in length, depending
on the source of cellulose, and the exact hydrolysis condi-
tions [12, 14]. Compared to cellulose fibers, NCC possesses
many advantages, such as nanoscale dimension, high specific
strength, high aspect ratio, modulus, and surface area [10, 15,
16]. The feasibility of nano- and microcelluloses is further
promoted by their large surface area, chemical accessibility,
and functional flexibility [17].TheNCCmorphology depends
on cellulose source and the preparation conditions such
as type and concentration of acid, acid-to-cellulose ratio,
reaction time, and temperature [18, 19]. When prepared
in sulphuric acid, they possess negative charges on their
surface due to the formation of sulfate ester groups during
acid treatment, which enhances their stability in aqueous
solutions. According to its structure, NCC possesses an
abundance of hydroxyl groups on the surface, where chemical
reactions can be conducted [11]. The OH group of the sixth
position acts as a primary alcohol among the three kinds of
hydroxyl groups, where the modification mostly occurs [20].

Many reactions can be used to modify the surface of
nanocellulose such as using coupling agents, that is, silane
reagents [6]. The interactions of silane coupling agents with
natural fibers are widely known [21] and the modification
involves polymerization on the NCC surface [7]. Aminosi-
lanes containing primary, secondary, and tertiary amines are
silane reagents that have been used for cellulosemodification.
According to [22], they have a hydrolytically sensitive center
that can react with hydroxyl groups or silanols to form a
silylated surface. Gebald et al. [23] introduced amine-based
adsorbents for air capture by synthesizing and grafting
them onto NFC supports. Lu et al. [24] had also grafted
aminosilanes onto NFC for epoxy composite applications.
3-(2-Aminoethylamino)propyl-dimethoxymethylsilane

Si
O

O

N
H

NH2

Figure 2: 3-(2-Aminoethylamino)propyl-dimethoxymethylsilane
(AEAPDMS) structure.

(AEAPDMS) as shown in Figure 2 is a known silane reagent
which has been used by many researchers to modify NFC
and MCM-41 for carbon dioxide (CO

2
) capture. There is still

lack of report on utilization of AEAPDMS as a coupling agent
modifier with NCC in the production of adsorbent. However,
recently few researchers reported that NCC was successfully
modifiedwith 3-glycidoxypropyltrimethoxysilane (GPTMS),
3-methacryloxy-propyltrimethoxysilane (MPS) [25], and
y-ammnonimpropylmethyldimethoxysilane (APMDS) [26]
which improved the compatibility in polyurethane.

In this study, NCC was isolated from OPEFB cellulose
by hydrolysis with sulphuric acid. The NCC was further
modified with aminosilane, AEAPDMS.The objective of this
study is to investigate the characteristics of modified NCC as
based material to produce solid adsorbent aerogel for CO

2

adsorption.The physical andmorphology characters ofmod-
ified NCC were determined by Fourier transform infrared
(FTIR) spectroscopy, thermogravimetric (TGA) analysis,
X-ray diffraction spectroscopy (XRD), elemental analysis
(CHNS), and transmission electron microscope (TEM).

2. Experimental

2.1. Materials and Methods. Oil Palm Empty Fruit Bunch
Fiber (OPEFB) in this study was supplied by Szetech Engi-
neering Sdn. Bhd., Selangor, Malaysia. Chemicals used for
extraction of cellulose were sodium hydroxide (NaOH),
ethanol, toluene, sodium chlorite (NaClO

2
), and glacial

acetic acid, while the chemical used for hydrolysis was
sulphuric acid (H

2
SO
4
). Chemicals used for modifications

were 3-(2-aminoethylamino)propyl-dimethoxymethylsilane
(AEAPDMS), from Germany, and acetic acid. All chemicals
were purchased from Sigma Aldrich, USA.
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2.2. Preparation and Modification of Nanocrystalline Cellulose
(NCC). The OPEFB fiber was treated by soxhlet extraction,
alkali treatment (4% NaOH solution), and bleaching treat-
ment to remove lignin and hemicellulose until the white cel-
lulose was obtained [21, 27, 28]. Then, the NCC was isolated
by the method adopted from [21] with slight modifications;
that is, acid hydrolysis was conducted at 60% of aqueous
H
2
SO
4
for 40minutes at 45∘C undermechanical stirring.The

NCC suspension was centrifuged, dialysed against distilled
water until a constant pHwasmaintained, and then preserved
and stored in refrigerator. The methods of modification of
NCC were referred to Abdelmouleh et al. [29], Xie et al.
[30], and Bendahou et al. [12] with slight alterations. The
modification was carried out in 80/20 (v/v) water/ethanol
solvent. The liquid of AEAPDMS (1, 2, 3, and 4w/w%) was
added into the mixture and stirred. The pH of the solution
was adjusted to pH 4 by adding few drops of acetic acid and
stirred continuously for 1 hour.The pHwasmaintained at pH
4 since the hydrolysis rate of silanes forming silanol is higher
than the condensation rate [26, 30]. Then, 1 w/w% of NCC
suspensions were mixed in the solution and refluxed for 3
hours at 60∘C by mechanical stirrer. After 3 hours, the heat
was turned off and continuously stirred overnight.TheNCC-
AEAPDMS solution was centrifuged to remove the excess
AEAPDMS that did not graft on the NCC; then the NCC
andNCC-AEAPDMS samples were freeze-dried for 24 hours
before being characterized under various analyses. However,
the NCC and NCC-AEAPDMS for TEM analysis were kept
in aqueous suspension.

2.3. Characterization

2.3.1. Elemental Analysis (CHNS). Theelemental analysis was
carried out to investigate the total content of elements in the
NCC sample after modification and was performed by using
LECO CHNS-932 elemental analyzer. The carbon, hydrogen,
nitrogen, and sulphur content of unmodified and modified
NCC samples were measured independently.

2.3.2. Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR). The NCC and NCC-AEAPDMS
with a few ratios were analyzed with a Perkin Elmer
Spectrometer (spectrum 400 FT-IR) using attenuated total
reflectance (ATR) as analysis method. The spectra obtained
were recorded in the range 400–4000 cm−1.

2.3.3. Thermogravimetric (TGA) Analysis. Thermal stability
of modified NCC and NCC samples was determined by
thermogravimetric analyzer (Mettler Toledo model TGA/
SDTA851e). The analysis was conducted with temperature in
the range 25 to 600∘C at 10∘C/min heating rate.

2.3.4. X-Ray Diffraction (XRD). The crystallinity in the sam-
ple was analyzed using Bruker AXS X-ray diffraction, Ger-
many (model D8 advance), generated at 40 kV and 40mA.
Monochromatic CuK𝛼 was used for radiation at wavelength
0.154 nm. The crystallinity index (CrI) was calculated from

Table 1: Elemental analysis of NCC and aminosilane grafted on
NCC.

Materials Elemental analysis (%)
C H N S

NCC 40.28 7.40 — 0.405
NCC-AEAPDMS (1 : 1) 37.46 6.556 0.262 0.625
NCC-AEAPDMS (1 : 2) 41.08 6.535 0.446 0.563
NCC-AEAPDMS (1 : 3) 42.50 6.698 0.767 0.517
NCC-AEAPDMS (1 : 4) 42.65 6.532 0.763 0.519

each sample by using the following equation which was
introduced by Segal et al. [31]:

CrI (%) =
𝐼
002
− 𝐼am
𝐼
002

× 100%, (1)

where 𝐼
002

is themaximum intensity of crystallinity of diffrac-
tion peak and 𝐼am is the intensity scattered by amorphous part
of the sample.

2.3.5. Transmission Electron Microscopy (TEM). Aqueous
suspensions (0.1 w/w%) of both the NCC and aminosilane
modified NCC were prepared for TEM analysis. A drop of
aqueous suspension was deposited on a Cu grid covered with
a thin carbon film. The suspension was negatively stained
with 2w/w% uranyl acetate in order to enhance contrast.The
morphology of the NCC andmodified NCCwas observed by
using a Philips CM30microscope operated at an accelerating
voltage of 100 kV.

3. Results and Discussion

3.1. Elemental Analysis (CHNS). Elemental analysis was car-
ried out to confirm the presence of aminosilane grafted on
NCC surface. The weight contents of carbon (C), hydrogen
(H), nitrogen (N), and sulphur (S) were measured and
the results are shown in Table 1. The elemental analysis of
unmodified NCC and aminosilane grafted on NCC showed
that there was an increment in carbon and nitrogen contents
of the sample after modification. The introduction of amine
groups on theNCCsurface increased the carbon andnitrogen
contents [17].

3.2. Fourier Transform Infrared Spectroscopy (FTIR). The
effects of introducing AEAPDMS on NCC surface were
studied by FTIR analysis like shown in Figure 3. Figure 3(a)
is the spectrum for AEAPDMS. NCC spectrum (Figure 3(b))
displayed O-H stretching at 3335 cm−1, C-H stretching at
2900 cm−1, CH

2
bending at 1430 cm−1, and C-O-C skele-

tal vibrations at 1055 cm−1, while O-H and C-H bending
along with C-C and C-O stretching located at 1380, 1317,
and 1258 cm−1, respectively. All the peaks are the typical
peaks of cellulose [23, 32]. For NCC modified AEAPDMS
(Figures 3(c)–3(f)), all spectra showed the emerging of
small new peaks located at approximately 1600 cm−1 and
798 cm−1 which are attributed to NH

2
bending and NH

2
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Figure 3: FTIR spectra of (a) AEAPDMS, (b) NCC, and NCC-
AEAPDMS with several ratios: (c) 1 : 1 (w/w)%, (d) 1 : 2 (w/w)%, (e)
1 : 3 (w/w)%, and (f) 1 : 4 (w/w)%.

wagging, respectively. The same peaks that were reported by
Abdelmouleh et al. [29] and Zhao et al. [33] are showing
that the peaks are typical for the deformation modes of the
NH
2
groups of hydrogen bonded to the OH functions of

both silanol moieties and cellulosic substrates. Moreover, the
high intensity peak of Si-CH

3
at 1258 cm−1 as presented in

AEAPDMS spectrum was also observed in NCC-AEAPDMS
spectra with ratios 1 : 2, 1 : 3, and 1 : 4 around 1260 cm−1,
respectively, while the peak was not apparent for 1 : 1 w/w%
NCC-AEAPDMS which might be due to the small amount of
AEAPDMS added. Bands for -Si-O-Si and -Si-O-C bond at
1160 cm−1 and 1104 cm−1, respectively, were overlapped with
band C-O-C skeletal vibration in the range 970–1250 cm−1.
Rachini et al. [34] reported that the bands detected around
1030, 1055, 1110, and 1146 cm−1 were the characteristic bands
of the Si-O-Si linkage and Si-O- cellulose.Thus, the existence
of all the new peaks of the NCC spectrum indicated that the
AEAPMDSwas grafted to the O-H functional group onNCC
surface.

Based on the FTIR result, it can be seen that AEAPDMS
grafted on NCC. The possible reactions are as follows:

NH
2
CH
2
-Si-CH

3
(OCH

3
)
2
+H
2
O

→ NH
2
CH
2
-Si-CH

3
(OH)
2
+ 2CH

3
OH

(2)

NH
2
CH
2
-Si-CH

3
(OH)
2
+NCC-OH

→ NH
2
CH
2
-Si-CH

3
OH-O-NCC +H

2
O

(3)

In this case, the alkoxysilanes does not react directly with
hydroxyl (-OH) group of cellulose to form -Si-O-C- even
at high temperature. It is attributed to lower acidity of the
cellulosic hydroxyl group compared with silanol. Cellulose is
generally unreactive tomany chemicals and theOHgroups of
the microfibrils have very low accessibility. Based on former
works, an optional strategy was to activate the alkoxysilane
by hydrolyzing the alkoxy groups off, forming more reactive
silanol groups, and can be further dehydrated with surface
hydroxyl groups of cellulose [17, 18, 30]. She et al. [26]
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Figure 4: XRD analysis for NCC and all samples of modified NCC.

reported the same phenomena where the hydroxyl group of
the original NCC was replaced by alkyl-oxygen group which
was obtained from silanol group via hydrolysis. Rachini et al.
[34] soaked sisal fiber in alcoholic solution of aminosilane
at a pH between 4.5 and 5.5 to hydrolyze the coupling
agent. Valadez-Gonzalez et al. [35] and Agrawal et al. [36]
modified henequen and oil palm fiber with a silane solution
in a water/ethanol mixture. That is why, in this study,
AEAPDMSwas hydrolyzed at pH 4 and thenmodified under
a water/ethanolmixture to ensure that the grafting will follow
reactions (2) and (3).

3.3. X-Ray Diffraction (XRD). Figure 4 shows the XRD
diffractograms of cellulose, NCC, andNCC-AEAPDMS sam-
ples. All the diffractograms displayed that the typical peaks of
semicrystalline materials consist of broad hump amorphous
region and sharp intense peak of crystalline region [21, 37].
Cellulose diffractogram showed three peaks around 2𝜃 =
16∘, 22.5∘, and 34.5∘ which are related to the typical type
of cellulose I and corresponding to the crystallographic
planes that are (101), (002), and (040) [3, 27, 38]. At NCC
diffractogram, the peaks at 2𝜃 = 22.5∘ are getting sharper and
more intense showing that the sample ismore crystalline.The
peak is used to relate to the crystallinity of thematerials as can
be used to calculate the crystallinity index (CrI) as shown by
(1) [39].

Table 2 is crystallinity index (CrI) of all the samples. The
cellulose extracted from EFB fiber has the CrI of approxi-
mately 64.0%. The CrI of NCC increased to 76.8% after acid
hydrolysis by sulphuric acid (H

2
SO
4
) due to the removal of

some amorphous region in cellulose and reducing the size
to nano [40]. NCC sample with AEAPDMS showed lower
CrI compared to the NCC since AEAPDMS is amorphous
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Table 2: Percentage of crystallinity index for unmodified and
modified NCC-AEAPDMS.

Sample Crystallinity index, CrI (%)
Cellulose 64.0
NCC 76.8
NCC-AEAPDMS (1 : 1) 61.6
NCC-AEAPDMS (1 : 2) 66.7
NCC-AEAPDMS (1 : 3) 64.0
NCC-AEAPDMS (1 : 4) 65.1

and being grafted onto the NCC, which increased the total
amorphous region and thus reduced theCrI.The replacement
of the hydroxyl groups by the amino groups and hydrocarbon
chains of silane resulted in the slight degeneration of the
compact crystalline regions of NCC during the surface
modification. However, there is no trend of CrI reduction
with respect to the amount showing that the grafting occurred
randomly in both crystalline and amorphous regions ofNCC.
The decrement of the crystallinity formodifiedNCC had also
been observed by Tian et al. [41] and Zhang et al. [42].

3.4. Thermogravimetric Analysis (TGA). Figures 5(a) and
5(b) show the thermogravimetric analysis (TGA) and differ-
ential thermogravimetric (DTG) curves for NCC and NCC
modified AEAPDMS. The weight loss was measured in the
temperature range of 35 to 600∘C. All samples showed that
the initial weight loss around 100∘C was caused by water
evaporation from the samples [28]. The NCC peak consists
of two decomposition peaks started at 120∘C and later at
300∘C. Consequently, the DTG curves displayed the two
degradation peaks at the maximum of 230∘C and 360∘C.
Kargarzadeh et al. [21] also reported the two degradation
peaks for NCC from acid hydrolysis and discussed that the

former is due to highly sulfated amorphous cellulose and the
latter is due to breakdown of unsulfated crystals cellulose.
However, the TGA curves for modified NCC-AEAPDMS
showed the decomposition trends similar to cellulose. This
is expected since the CrI of NCC-AEAPDMS was similar to
cellulose which indicated that the crystalline and amorphous
parts are almost equal. The DTG curves for modified NCC-
AEAPDMS showed that the weight loss shifted to a higher
temperature and the maximum is around 300–340∘C. The
thermal stability increased because silane modification on
NCC resulted in interaction between NCC and AEAPDMS,
thus improving the thermal stability of NCC. Furthermore,
AEAPDMS decomposed at higher temperature of 370∘C [33].
Wang et al. [43] reported the same trend when treating
sisal fibers with silane. The DTG curves NCC-AEAPDMS
at ratio of 1 : 4 w/w% showed the highest peak at 340∘C
compared with ratios of 1 : 1, 1 : 2, and 1 : 3 w/w%. Thus,
from thermogravimetric (TGA) analysis, it was determined
that the thermal stability of modified NCC improved after
aminosilane grafting.

3.5. Transmission Electron Microscope (TEM). The surface
morphology of NCC and modified NCC-AEAPDMS at a
ratio of 1 : 3 w/w% was studied by TEM as shown in Figure 6.
The NCC showed the rod-like shape since H

2
SO
4
removed

the amorphous part in the cellulose. The effect of H
2
SO
4

includes the introduction of negatively charged sulfate group
that allows the nanocrystalline NCC to disperse in water
[14, 44]. However, there is still some agglomerates due to
the hydrogen-bonding interactions between the hydroxyl
groups on the NCC surfaces even after sonication process.
The phenomenon was also reported by Chen et al. [45]
and Kaushik et al. [19]. The NCC particles maintained
their rod-like morphology even after the modification with
AEAPDMS. The rod-like or needle-shaped acid-hydrolyzed
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Figure 6: TEM images of (a) nanocrystalline cellulose (NCC) of OPEFB cellulose and (b) modified NCC-AEAPDMS with a ratio 1 : 3 w/w%.

Table 3: The geometric dimensions of NCC and NCC-AEAPDMS
at ratio of 1 : 3 w/w%.

Sample Length, 𝐿
(nm)

Width,𝐷
(nm)

Aspect ratio
(𝐿/𝐷)

NCC 173 ± 0.6 9 ± 0.5 18 ± 0.2
NCC-AEAPDMS (1 : 3) 193 ± 0.9 10 ± 0.4 18 ± 0.6

NCC and modified NCC were characterized by their length
(L), width (D), and aspect ratio (L/D) [9] and were tabulated
in Table 3.The average dimensions of the nanoparticles NCC
were measured and the length was approximately around
173 ± 0.6 nm and width was about 9 ± 0.5 nm. The NCC-
AEAPDMS has the length of 193 ± 0.9 nm and width of
10 ± 0.4 nm, but both samples shared the similar aspect ratio
(L/D). This is because TEM only measured the crystalline
parts and not the amorphous part.

4. Conclusions

In this work, we have presented that NCC was success-
fully modified with aminosilane, AEAPDMS, in 80/20 (w/w)
water/ethanol solvent which has the potential for CO

2
cap-

ture. CHNS results showed that N and C contents increased
after the treatment of NCC with AEAPDMS. Meanwhile,
the FTIR-ATR analysis revealed that the new peaks for NH

2

bending and wagging as well as Si-CH
3
were determined

to show that AEAPDMS was grafted on NCC. The NCC is
very crystalline after being hydrolyzed with H

2
SO
4
; however,

after introducing the AEAPDMS on the NCC surface, the
crystallinity decreased. This phenomenon was due to the
amorphous AEAPDMS that affected the crystalline part in
the NCC sample. Nevertheless, the thermal stability of mod-
ified NCC remarkably increased since there was interaction
between NCC and AEAPDMS. TEM result showed that
there was no change in size (nanosize) and shape even after
the modification. Moreover, rod-like morphology can be
observed in both NCC and NCC-AEAPDMS samples since
TEM only detects crystalline part.
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This report describes the compositional and structural design strategy of a zeolite-polymer composite nanofiber mesh for the
efficient removal of uremic toxins towards blood purification application.The nanofiber is fabricated by electrospinning composite
solution of biocompatible poly(ethylene-co-vinyl alcohol) (EVOH) and zeolite particles which are capable of selectively adsorbing
uremic toxins such as creatinine. By controlling electrospinning conditions carefully, the incorporated zeolites in EVOHwere found
to correspond closely to the feed ratios. Elementalmapping images of Si show that zeolites were uniformly blendedwithin the fibers.
The fabricated composite fibers successfully adsorbed creatinine from solution and the adsorption capacity reached a maximum
at 12 h. The crystallinity of the nanofiber was also controlled by varying the composition of ethylene content in EVOH. Less
crystallinity resulted in higher creatinine adsorption capacity due to the barrier property of EVOH.Cytotoxicity assay demonstrated
that the composite fibers showed less toxicity than free zeolite particles which killedmore than 95%of cells.The proposed composite
fibers, therefore, have the potential to be utilized as a new approach to removing creatinine selectively from the bloodstream.

1. Introduction

Chronic kidney disease (CKD) is a worldwide public health
problem. About 10% of the population worldwide is affected
by CKD [1, 2], and millions die each year because they do not
have access to affordable treatment [3]. The main function
of kidneys is to filter the blood and remove waste products
and excess water from the blood. The kidneys process about
200 liters of blood every day and produce about 2 liters of
urine. Therefore, when kidney function falls below a certain
point, harmful wastes can build up in our body. CKD also
triggers other healthcare issues like cardiovascular diseases,
which lead to premature death or disability and multiply the
amount of money needed for the healthcare of a patient [4].
Unfortunately, there is no cure for CKD, although treatment
can slow the progression of the disease. The most common
treatment for kidney failure is dialysis. It is estimated that
over 2 million people worldwide currently receive treatment
with either hemodialysis (HD) or peritoneal dialysis (PD) [3].

Recently, these treatments have been performed at home and
easy-to-use machines are being developed for home dialysis.
However, these are still an inconvenient, time consuming,
and expensive process [5]. Especially in developing countries,
economic and manpower factors have limited the regular
maintenance HD treatments due to the absence of adequate
technical support and frequent power outages, resulting in
the death of over 1 million people annually from untreated
kidney failure [3, 6]. Development of more accessible meth-
ods for the treatment of kidney failure has been also desired
in developed countries because current dialysis system is
prone to be damaged by natural disasters such as gigantic
earthquakes or tsunami. Indeed, the shortage of dialysate,
water, and electricity created a dangerous situation for HD-
dependent patients after the major earthquake struck north-
eastern Japan onMarch 11, 2011 [7].Therefore, there has been
a great need to develop simpler and more accessible methods
for the treatment of kidney failure worldwide.
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From these perspectives, we have been developing a
nanofiber mesh for the removal of uremic toxins from
the blood, which can be incorporated into wearable blood
purification systems for kidney failure patients [8]. The
nanofiber mesh was fabricated using a versatile and cost-
effective process called electrospinning. Electrospinning uses
electrical forces to produce polymer fibers with diameters
ranging from tens of nanometers to several micrometers
[9–13]. In early works, electrospinning was limited to the
fabrication of nanofibers from organic polymers due to the
stringent requirement on the viscoelastic behavior of the
electrospinning solution. With the development of electro-
spinning method and setup, however, electrospun fibers
loaded with various nanoparticles and functional molecules
can also be prepared if appropriate processing parameters
or new designs of setups are employed. We have previously
prepared a zeolite-polymer hybrid nanofiber mesh using a
blood-compatible polymer, poly(ethylene-co-vinyl alcohol)
(EVOH) [8]. The water-insoluble EVOH has hydrophilic
vinyl alcohol units [14] which makes it biocompatible mate-
rial [15, 16]. In addition, the hydroxyl groups have been
used as a reactive site for the further functionalization [17].
Indeed, several papers in the past decade have demonstrated
EVOH as a biomaterial. Recent work by Zhu and Sun showed
immobilization of chelating groups on the surface of EVOH
nanofiber for selective protein separation [18]. Lou et al., on
the other hand, used EVOH membranes to investigate the
effects of senescence-associated phenotypic changes on the
cellular aging process [15]. EVOH membrane has been also
applied to HD patients as a dialyzer membrane and shown
minimal platelet activation and little generation of reactive
oxygen species by activated neutrophils [19]. Zeolites are
aluminosilicates which have microporous structures capable
of adsorbing toxins such as creatinine from blood [20–25].
After testing the mesh on its ability to absorb creatinine, we
found that a specific ratio of silicon and aluminum within
the zeolites was required. Since this approach is based on
the principle of “selective adsorption” instead of “diffusion”
through a semipermeable membrane, the proposed compos-
ite fibers have the potential to be utilized as a new approach to
removing nitrogenous waste products from the bloodstream
without the requirement of specialized equipment.

The research reported here extends our previous work to
improve the creatinine adsorption capacity of the composite
nanofiber mesh for practical use. A series of polymer-zeolite
compositions was prepared by blending EVOH with zeolite
particles. The relationships between zeolite compositions,
crystallinity of EVOH, morphology of nanofiber, and their
creatinine adsorption ability were, respectively, evaluated.
Systematic variations of these parameters will identify key
compositional features essential for efficient adsorption of
creatinine. We have also tested cytotoxicity of the zeolite-
polymer nanofiber mesh using macrophages.

2. Experimental Section

2.1. Materials. EVOH with 44 ethylene mol% (EVAL E105A)
was kindly supplied by KURARAY (Okayama, Japan). EVOH
with 25 ethylene mol% (SoarnoL V2504RB) and with 33

ethylene mol% (GC3304B) were kindly supplied by The
Nippon Synthetic Chemical Industry (Osaka, Japan). HSZ-
series zeolites 320-HOA (USY type), 500-KOA (L), 640-HOA
(Mordenite), 720-KOA (Ferrierite), 840-HOA (ZSM-5), and
940-HOA (Beta) were purchased from TOSOH (Yamaguchi,
Japan). 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) was pur-
chased from Sigma Aldrich (Tokyo, Japan). Poly(vinylalco-
hol) (PVA) and creatinine were purchased from Wako Pure
Chemicals (Tokyo, Japan). Alamar blue was purchased from
ABD Bioquest (CA, America). Raw 264.7 cells were pur-
chased from InvivoGen (CA, America). Dulbecco’s Modified
Eagle’s Medium (DMEM) was purchased from SIGMA (STL,
America). Fetal bovine serum (FBS) was purchased from
American Type Culture Collection (VA, America). Antibiotic
antimycotic was purchased from Gibco (NY, America). Nor-
mocin was purchased from InvivoGen (CA, America).

2.2. Fiber Fabrication. As described previously, EVOH
nanofibers were prepared using electrospinning equipment
(Nanon-01A; MECC, Fukuoka, Japan) [8]. Briefly, the elec-
trospinning solutions were prepared by dissolving 7w/v%
of EVOH in HFIP. Zeolites were then added to the HFIP
solution and ultrasonicated in order to disperse the zeolite
particles. In this study, 6 different types of zeolite were used
as follows: 320-HOA, 500-KOA, 640-HOA, 720-KOA, 840-
HOA, and 940-HOA. Zeolite to EVOH ratios were varied
from 9 : 91 to 47 : 53. The electrospun voltage was 25 kV, feed
rate was 1.0mL/h, and tip to collector distance was 15 cm. A
25-gauge pointed needle was used in all experiments.

2.3. Fiber Characterizations. Scanning electron microscopy
(SEM) of the electrospun samples was performed on a
Hitachi S-4800 field emission SEM (Hitachi, Tokyo, Japan).
Nanofiber samples were sputter-coated with platinum using
an E-1030 Ion Sputterer (Hitachi, Tokyo, Japan).The diameter
of nanofibers was measured by ImageJ software 40 times.
Thermal gravimetric analysis (TG-DTA) of the samples was
conducted using TG-DTA6200 under air flow (Seiko Instru-
ments Inc., Chiba, Japan). The temperature scans were taken
from room temperature to 500∘C at 10∘C/min. The EVOH-
zeolite nanofiberswere also examined by energy dispersiveX-
ray spectroscopy (EDX) equipped in SEM (HORIBA, Kyoto,
Japan).

2.4. Adsorption Studies of Creatinine. Adsorption experi-
ments were performed using a batch equilibration technique
according to the previously reported method [8]. Briefly,
creatinine solution of 190 𝜇M concentration was prepared in
milliporewater.The solutionwas incubated in the presence of
nanofibermesh for 0, 2, 5, 12, or 24 h. UV-Visible spectropho-
tometer (V-650, JASCO, Tokyo, Japan) was used to measure
the absorbance of the creatinine solution (234 nm absorp-
tion peak). The adsorption experiments were also done at
different temperatures (10, 25, or 37∘C) by using a TAITEC
PERSONAL-11 water bath shaker (TAITEC, Saitama, Japan).
Creatinine adsorption capacity of free zeolites was also tested
by the same protocol.
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2.5. Cytotoxic Assay. The cytotoxic assay on the zeolite con-
taining fibers was conducted by Alamar blue assay [26]. Raw
264.7 cells (murine macrophage cells) were seeded on 24-
well cell culture plates at 1 × 106 cells/well in 1mL of DMEM
(high glucoseD5671 and high glucoseD5796) containing 10%
FBS and 0.2% Normocin. After adding stimulus (100mg of
nanofiber mesh with 0wt% or 9wt% zeolite particles and
10mg of bare zeolite particles), these culture systems were
incubated at 37∘C for 24 h. Formeasuring cell viability, 100 𝜇L
of alamer blue dye was added to each well. After incubating
at 37∘C for 4 h, fluorescence was measured (excitation wave-
length: 544 nm; fluorescence wavelength: 590 nm) using 1420
Multilabel Counter (Perkin Elmer, Massachusetts, America).
The relative cytotoxicity for each sample was evaluated by
comparing the fluorescent intensities.

3. Results and Discussion

3.1. Fabrication of Zeolite/EVOH Nanofiber Mesh. We have
previously reported fabrication of zeolite/EVOH nanofiber
mesh using an isopropanol or HFIP solvent system [19]. We
found that isopropanol solution could only be electrospun
for a couple of hours as the EVOH would start to come
out of solution. In comparison, the solutions dissolved in
HFIP could be electrospun very easily over many days and
produced more consistent fibers. Therefore, HFIP solvent
system was used for all subsequent experiments in this
study. The morphology of the fibers with 940-HOA zeolites
was shown in Figure 1(a). Because the average particle size
of zeolites was approximately 2 𝜇m which is significantly
larger than the fiber diameter, bead-like formations were
observed. However, continuous fibrous structures were still
maintained between the beads. SEM/EDX mapping images
of the fibers show the successful incorporation of zeolites
within the fibers (Figure 1(b)). Atomic Si was chosen for
its presence in zeolites, but not in EVOH. The elemental
mapping images of Si atom (white dots) show that zeolites
are successfully incorporated within the fibers. Of particular
interest is that uniform distributions of zeolite within the
fiber were achieved.This result indicates that zeolite particles
with smaller diameters than fiber diameter were incorporated
within each fiber. To determine the correlation between
incorporated amounts and feeding amounts of zeolites, the
elemental mapping images of Si atom in Figure 1(b) were
analyzed using ImageJ software. Figure 2(a) plots the white
dots area (zeolite content) against feed concentration. There
is a good correlation between incorporated amounts and
feeding amounts. TG-DTA testing was further carried out
to precisely determine the percentage of zeolites inside the
nanofiber meshes (Figure S1 in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/5638905).
The nanofibers fed with 9, 33, and 47wt% zeolite had around
8, 35, and 44wt% inside the nanofibers (Figure 2(b)). It was
determined that over 90% of the fed zeolites were successfully
incorporated into nanofibers although the deviation between
the zeolite in feed and zeolites in fiber became larger with
increased zeolite feeding percentages. In our previous report,
only 30wt% of zeolite was incorporated in the fiber. But
we successfully incorporate more than 40wt% of zeolite in

this study. These results indicated that an EVOH nanofiber
composite with higher zeolites contents was successfully
fabricated using electrospinning techniques.

3.2. Creatinine Adsorption Capacity of Zeolite/EVOH
Nanofiber Mesh. The creatinine adsorption capacities of bare
zeolites are shown in Figure S2. The 500-KOA zeolite was
nonadsorbent to creatinine. 320-HOA and 720-KOA zeolites
were found to have very low creatinine adsorption capacities
while the 640-HOA has mid-range 44 𝜇mol/g adsorptions.
The zeolite with the greatest creatinine adsorption capacity
(86 𝜇mol/g)was found to be the 940-HOAzeolite (Beta type).
Therefore, 940-HOA zeolite was chosen for all subsequent
experiments in this study. To determine the creatinine
adsorption capacities of different composite nanofibers,
nanofiber meshes were immersed in creatinine solution
of 190𝜇M concentration and incubated at 37∘C for 12 h.
Finally, UV absorption spectrums of solutions collected from
the outlet were measured. Figure 3 presents the creatinine
adsorption capacity of the composite fibers with various 940-
HOA zeolite contents. The creatinine adsorption capacity of
the fiber mass was increased by increasing the zeolite content
in the fibers (bars in Figure 3). The adsorption capacity of
47wt% 940-HOA sample is as high as 30 𝜇mol/g in 190𝜇M
solution. The adsorption capacity of the zeolite mass, on
the other hand, was decreased by increasing the zeolite
content (circles in Figure 3). In other words, incorporation
of large amounts of zeolite into the nanofibers decreases the
adsorption efficiency because aggregation of zeolites lowers
the effective surface area of zeolites for creatinine adsorption
[25]. These results indicate that not only the type of zeolite
but also electrospinning conditions have to be carefully
chosen to achieve a higher capacity of creatinine adsorption.

We also examined the role of crystallinity of EVOH
nanofiber in creatinine adsorption because crystallinity may
limit the accessibility of creatinine to zeolites. Adsorption
experiments were performed using EVOH nanofibers with
different ethylene content. As shown in Figure 4, the ethylene
content in EVOH influences adsorption of creatinine. The
amount of adsorbed creatinine appeared to increase inversely
with ethylene content because nanofiber becomes less acces-
sible at higher degrees of crystallinity. Since temperature is
also one of the factors which influence the adsorption of
molecules by solids, we examined the temperature depen-
dence of the adsorption capacity (Figure S3). In general,
adsorption is thermodynamically more favourable at low
temperatures because the bonds between the adsorbate and
adsorbent are weakened at higher temperatures. However,
the results show that creatinine adsorption capacities of bare
zeolites were not affected by temperature, while those of
zeolites within the EVOH were significantly decreased with
decreasing temperature. These results strongly suggest that
temperature affects the crystallinity of EVOH (permeability
of creatinine) more than adsorption capacity of zeolite in
this study. To further reveal how adsorption time affected
the creatinine adsorption capacity, the nanofibermesheswere
incubated in creatinine solution of 190𝜇M concentration at
37∘C for 24 h. Figure 5 shows themesh adsorbed 50𝜇mol/g of
creatinine in 60 minutes. The creatinine adsorption capacity
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(a) (b)

Figure 1: SEM/EDX images of the EVOH fibers blended with 940-HOA zeolites at different contents (0, 9, 33, and 47wt% in feed) (scale bar:
20 𝜇m). (a) SEM, (b) Si-mapping.

gradually increasedwith time and the adsorption equilibrium
was reached after 12 h.

3.3. Cytotoxicity of Zeolite/EVOH Nanofiber Mesh. Finally,
the cytotoxicity of zeolite composite EVOH nanofibers was
examined because the possible adverse effects of silicalite
particles on human health have long been of concern. In

general, the cytotoxicity of silicalite materials is complex and
depends on the particle size, surface functional group, and
cell line used for the toxicity studies [27]. In this study, we
choose RAW264.7 macrophage cell lines because alveolar
macrophages play a key role in silica related diseases by
clearing particles out of the lung or by causing chronic
inflammation. In addition, the RAW264.7 cell line has been
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Figure 2: Relationship between zeolite contents in the fiber and their feed concentrations. (a) The zeolite ratios were determined from the
white dots area in Si-mapping images (𝑛 = 4). (b)The zeolite contents were calculated from the weight percentages of zeolites in nanofibers by
TG-DTA testing under air flow.The weight percentages of zeolites in nanofibers were calculated from the weight loss of nanofiber composites
(𝑛 = 3).
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Figure 3: Creatinine adsorption capacity of EVOH nanofibers
incorporated with 940-HOA zeolite by fiber mass (bars) and zeolite
mass (circles). Immersion time was 12 h at 37∘C (𝑛 = 3).

known as a model macrophage cell line commonly used to
represent the physiological scavengers of foreign nanopar-
ticles. A comparison of the cytotoxicity of bare 940-HOA
zeolite particles and incorporated 940-HOA zeolite particles
within EVOH nanofiber is shown in Figure 6. The nanofiber
composite was relatively nontoxic with a cell viability of
approximately 90%. These phenomena can be explained by
the fact that zeolite particles were successfully encapsulated
in the EVOH fiber, preventing perturbation of the cell
membrane as well as cellular uptake. On the other hand,
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Figure 4: Creatinine adsorption capacity of the EVOH nanofibers
incorporated with 940-HOA zeolite as a role of ethylene content in
EVOH (after 12 h of immersion at 37∘C) (𝑛 = 3).

bare zeolites were surprisingly toxic at this concentration
level, although zeolites are thought to be safe materials.
This is mainly because concentration ranges which have
been demonstrated in the previous study are 50–100𝜇g/mL
range which is significantly lower than that of our study
(10mg/mL). Thus, the current experimental results suggest
that zeolite/EVOH nanofiber meshes can be useful as the
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Figure 5: Creatinine adsorption capacity of the zeolite/EVOH
nanofiber meshes as a role of immersion time at 37∘C (𝑛 = 3).
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safe and effective alternative of blood purification therapy in
future clinical approach.

4. Conclusions

This study demonstrated the rational strategy of fabrication of
zeolite/EVOH nanofiber meshes for the efficient removal of
creatinine. Combined with SEM/EDX and TG-DTA analysis,
we found that over 90% of fed zeolites were successfully
incorporated into nanofibers. The amount of adsorbed cre-
atinine onto the incorporated zeolites appeared to increase
inversely with ethylene content of EVOH because nanofiber

becomes less accessible at higher degrees of crystallinity.
Cytotoxic assay revealed that the zeolite/EVOH nanofiber
was relatively nontoxic because EVOH layers prevented
zeolite particles from direct contact with cells. These results
suggest that the nanofibrous structure provides extremely
large surface area and porosity while encapsulation of zeolite
particles prevents the direct contact with cells. Thus, the
rational design of hybridization of absorbent (zeolite) and
biocompatible matrix (EVOH) will pave the way for efficient
removal of uremic toxins from the blood as a wearable blood
purification system.The explored scientific data needs further
investigation for long term exposure results to blood sample,
which will be useful for future clinical applications.
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This study used commercial enzymes to isolate cellulose nanofibrils (CN) and produce sugars from chemically pretreated soybean
straw (SS) (stem, leaves, and pods) by alkali (NaOH 5 or 17.5% v/v at 90∘C for 1 h or at 30∘C for 15 h) and bleaching (NaClO

2

3.3%
or H
2

O
2

4%) pretreatments. Depending on the pretreatment applied to the soybean straw, the yield of CN varied from 6.3 to 7.5 g
of CN/100 g of SS regardless of the concentration of the alkaline solution (5 or 17.5%). The CN had diameter of 15 nm, measured
over 300 nm in length, and had high electrical stability (zeta potentials ranged from −20.8 to −24.5). Given the XRD patterns, the
crystallinity index (CrI) of CN ranged from 45 to 68%, depending on the chemical pretreatment the startingmaterial was submitted
to. CN obtained from SS treated with NaOH 17.5% and H

2

O
2

(CrI = 45%) displayed better thermal stability probably because
a lignin-cellulose complex emerged. The soluble fraction obtained in the first step of CN production contained a large amount
of reducing sugars (11.2 to 30.4 g/100 g of SS). SS seems to be a new promising industrial source to produce CN via enzymatic-
mechanical treatment, leading to large amounts of reducing sugars for use in bioenergy production.

1. Introduction

Brazil is the second largest world producer of soybean,
accounting for 30% of the global production. It comes after
the United States, which accounts for about 35% of the world
production. According to Brazil’s Ministry of Agriculture,
Livestock, and Supply (MAPA), the country’s soybean pro-
duction reached 95 million tons (2014/2015 crop). Soybean
harvesting residues generate stems, leaves, and pods, which
are collectively designated soybean straw [1]. The straw is
usually disposed as waste through landfilling, incineration, or
dumping. The average composition of soybean straw is 35%
cellulose, 21% insoluble lignin, 17% hemicelluloses, 11% ash,
and 1% acid soluble lignin; the remaining constituents are
protein, pectin, and glucuronic acid substitutes [2, 3]. Stems
and pods have slightly different lignocellulosic composition:
the holocellulose content is 69.2% and 53.8%, respectively,

and the lignin content is 21.6% and 17.2%, respectively [4].
Soybean stem displays lower ash contents than pods: 2.28%
and 7.25%, respectively.Therefore, soybean straw constitutes a
source of lignocellulosicmaterial, mainly cellulose fibers, and
could be used to produce cellulose nanocrystal/nanofibers
or in reducing sugars by chemical, physical, or enzymatic
treatment.

As reviewed by Tang et al. [5], Abdul Khalil et al. [6],
and Rhim et al. [7], the production of cellulose fibers with
dimensions of about 10−9 nm has been widely pursued, and
the resulting material has been applied in several areas,
especially in nanocomposites. Normally, two main types
of nanocellulose can be achieved: cellulose nanocrystals
(CNC), obtained from treatment with concentrated acid, and
cellulose nanofibers (CN), arising from enzymatic and/or
mechanical disintegration. CNC and CN differ in terms of
their physical and chemical properties. Because CN form
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Table 1: Chemical pretreatments and lignocellulosic composition (g/100 g of d.b.) of the pretreated and untreated soybean straw (SS).

Sample Treatment with alkali/bleaching Cellulose Hemicelluloses Klason lignin Acid soluble lignin
SS untreated — 39.8 ± 0.6 22.6 10.5 ± 0.7 2.3 ± 0.2
SS1 NaOH 5% (1 h/90∘C - 2x)/NaClO

2

3.3% (3 h/75∘C) 62.9 ± 0.6 11.1 4.9 ± 0.2 1.42 ± 0.09
SS2 NaOH 17.5% (1 h/90∘C - 2x)/NaClO

2

3.3% (3 h/75∘C) 67.1 ± 0.2 9.8 4.1 ± 0.2 1.51 ± 0.04
SS3 NaOH 5% (15 h/30∘C)/H

2

O
2

4% (3 h/90∘C) 64.0 ± 0.7 10.7 3.6 ± 0.1 0.67 ± 0.02
SS4 NaOH 17.5% (15 h/30∘C)/H

2

O
2

4% (3 h/90∘C) 66.2 ± 0.5 9.5 3.5 ± 0.1 0.73 ± 0.09

relatively large fiber agglomerates, they have larger aspect
ratio and fiber entanglement but lower strain-at-failure [8].

CN morphology depends on the type of treatment the
nanofibers are subjected to and on the source of lignocellu-
losic material. Several studies have produced and character-
ized nanocrystals from different bleached sources: pea hull
fiber (diameter: 7–12 nm, length: 240–400 nm) [9], hemp and
flax fibers (diameter: 20–40 nm, length: 100–500 nm) [10],
cassava bagasse (diameter: 2–11 nm, length: 360–1700 nm)
[11], wheat straw and soy hulls (diameter: 30–40 nm, length:
>100 nm) [12, 13], sisal fibers (diameter: 2–11 nm, length:
360–1700 nm) [14], banana (pseudostem), jute (stem), and
pineapple leaf fiber; mildly acid treatments have been used
[15]. However, studies on CN from soybean straw have not
been reported yet.

The literature on the use of enzymatic hydrolysis for
CN production is scarce. Some authors have focused on the
preparation of microfibrillated cellulose [16, 17]. de Campos
et al. [18] obtained CN from bleached curauá (diameter: 55–
109 nm, length: 1.3–4.1 𝜇m) and sugarcane bagasse (diameter:
20–40 nm, length: 0.25–0.82𝜇m)by using enzymes (hemicel-
lulase/pectinase and endoglucanase) and sonication. Tibolla
et al. [19] produced similar CN from bleached banana peel
bran by using xylanases (diameter: 7.6–10.9 nm, length: 0.5–
2.9 𝜇m). Recently, the use of cellulase before chemical treat-
ments increased CN yield and improved CN properties [20].

The morphology of CN originating from enzymatic
hydrolysis resembles the morphology of CN obtained by
mechanical processes (high or ultrahigh-pressure homoge-
nization), such as CN obtained from bleached sugar beet
(NaOH and NaClO

2
) (diameter: 30–100 nm, length: >1 𝜇m)

[21, 22], bleached potato tuber cells (diameter: 2–4 nm,
length: >1 𝜇m) [23], and bleached softwood pulp with cellu-
lose content above 95% (diameter: 16–28 nm) [24]. Hydro-
thermal methods are alternative strategies to produce CN
from mandarin peel waste [25]. Depending on the treatment
and on the sequence of steps, microfibrillated cellulose will
coexist with CN in the obtained suspensions.

All the methodologies used to produce nanocellulose
involve treatmentwith alkali and bleaching steps that dissolve
hemicelluloses and lignin from the lignocellulosic complex,
to facilitate acid/enzymatic degradation. Pretreatments with
alkali employ alkaline compounds such as potassiumhydrox-
ide (KOH), sodium hydroxide (NaOH), calcium hydroxide
(Ca(OH)

2
, also known as lime), or aqueous ammonia as

catalyst to open up the biomass structure [26]. Treatments
with alkali effectively dissolve hemicellulose, but other pro-
cesses are necessary to hydrolyze lignin. Lignocellulose del-
ignification via sodium chlorite (NaClO

2
) bleaching has

been traditionally used, but this process has been replaced
with more environmentally friendly methods such as ther-
mochemical reactions based on oxygen [27] and hydrogen
peroxide (H

2
O
2
) [28]. Therefore, new methodologies are

welcome to obtain nanocellulose via more environmentally
friendly processes, making the product a more attractive
material for commercial applications.

This work aimed to produce and characterize CN from
soybean straw by using commercial enzymes. Previous treat-
ments with alkali (NaOH 5% or 17.5%) and bleaching agents
(NaClO

2
and H

2
O
2
) were conducted. Our goal was to com-

pare amore environmentally friendly process that usedH
2
O
2

to the traditionally NaClO
2
bleaching in order to obtain CN

with acceptable properties and potential commercial applica-
tions.

2. Materials and Methods

2.1. Materials. Embrapa Soja (Londrina, Paraná, Brazil) sup-
plied the soybean straw (SS). This raw material consists of
around 27% stem, 41% leaves, and 32% pods (dry matter
basis). SS was washed, dried at 50∘C, milled in a knife mill,
and sieved through 35-mesh sieves (Tyler series, 500𝜇m).
Chemical reagents such as NaOH, H

2
O
2
, and NaClO

2
, which

were used for the chemical pretreatment of SS, were of
analytical grade.

2.2. Chemical Pretreatments. On the basis of the results
obtained by deCampos et al. [18] andAndrade-Mahecha et al.
[28], the SS underwent four different chemical pretreatments,
with somemodifications (Table 1).The SSwas pretreatedwith
NaOH solution 5 or 17.5 wt% under two conditions: 90∘C for
1 h, which was repeated twice, or 30∘C for 15 h. After that,
the solution was brought to room temperature and rinsed to
neutralization with the aid of a 400 Tyler mesh sieve. The
fibers were then bleached by using two types of solution:
a solution containing 0.7% acetic acid and 3.3% NaClO

2
,

agitated at 75∘C for 4 h; and another solution containing
H
2
O
2
, NaOH 2%, and MgSO

4
⋅7H
2
O 0.3% (as stabilizer) at

90∘C for 3 h. The sample was cooled to room temperature.
The fibers were filtered and washed with distilled water until
neutral pH was reached, and then they were washed with
ethanol and acetone. The fibers were dried in an oven with
air circulation (Marconi, Brazil) at 50∘C.

2.3. Lignocellulosic Composition of SS. Untreated and treated
SS were analyzed for their cellulose, holocellulose, and lignin
content according to Sun et al. [29], TAPPI T19 om-54 [30],
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Figure 1: Enzymatic hydrolysis of chemically pretreated soybean straw (SS).

and TAPPI T 222 om-22 [31], respectively. Holocellulose cor-
responded to the fraction that contained cellulose and hemi-
celluloses.

2.4. Enzyme Activity Assays. DuPont (USA) supplied the
enzymatic cocktail Optimash™ VR to prepare CN from SS.
Before application of the enzymatic cocktail, enzyme activity
assays were performed at Embrapa São Carlos according to
the method described by Farinas et al. [32] and Florencio
et al. [33]. A volume of the diluted enzymatic cocktail was
incubated with the different substrates in 0.05mol/L acetate
buffer, pH 4.0, at 50∘C. The filter paper assay (FPase) and
endoglucanase activity assay were accomplished according
to Ghose methodology [34], by using 1 × 6 cm Whatman
number 1 filter paper and carboxymethylcellulose (CMC;
Sigma, USA) as substrate, respectively. One unit (U) of
enzyme activity corresponded to 1mmol of glucose released
per minute at pH 4.0 and 50∘C. The exoglucanase activity
against insoluble substrate was determined by using 1%
Avicel dissolved in 50mM citrate buffer, pH 4.0, as substrate.
The samples were incubated at 50∘C for 120min and agi-
tated every 20min. Standard xylanase activity was measured
according to Bailey et al. [35], by incubating a volume of
diluted enzyme extract at 50∘C for 30min with 1% oat spelt
xylan (Sigma, USA) solution prepared in 0.10mol/L sodium
acetate buffer, pH 4.0, as substrate. One U of xylanase activity
corresponded to 1mmol of xylose released per minute at
pH 4.0 and 50∘C. The reducing groups released from both
the assays were quantified according to the DNS method
[36].𝛽-Glucosidase activity was determined by incubating an
appropriate volume of the enzyme at 50∘C, for 30min, in 1mL
of 0.015mol/L cellobiose (Sigma, USA) solution prepared in
0.05mol/L sodium citrate buffer, pH 4.0, used as substrate.
The reaction was stopped by submersion in boiling water

for 5min. The released glucose was determined by using an
enzymatic kit to measure glucose.

2.5. Preparation of CN by Enzymatic Hydrolysis. The enzy-
matic hydrolysis experiments were carried out in 250mL
Erlenmeyer flasks containing 3 g of chemically treated SS
(SS1, SS2, SS3, or SS4) and 150mL of sodium acetate buffer
at pH 4.0. The suspension was initially acclimatized at 50∘C
for 30min, under 200 rpm agitation. Subsequently, 93𝜇L
of enzymatic cocktail Optimash VR/g of SS was added to
the suspension at 50∘C, pH 4.0, along the reaction period
(42 h). The reaction was stopped by submersion of the
Erlenmeyer flasks at 96∘C for 15min, which was followed
by centrifugation of the samples (10,000 rpm, 10∘C, 10min)
(Continent R, Hanil, Republic of Korea). This step afforded
two fractions, a soluble fraction rich in reducing sugars and
an insoluble fraction (Figure 1). The reducing groups in the
sugar solution (supernatant) were quantified according to
the DNS method [36]. The insoluble fraction was resus-
pended in 150mL of deionized water, and the suspension
was homogenized on an ultraturrax disperser (T18 IKA,
China) for 5min, which was followed by 3min of probe-
type sonication (Branson 450, Switzerland). The suspension
containing CN was separated, and CN morphology was
characterized by Transmission Electron Microscopy (TEM),
X-Ray Diffraction (XRD), surface charge as determined by
zeta potential, and thermogravimetric analysis (TGA). For
the XRD and TGA analyses, 50 g of CN suspension was dried
in a lyophilizer (Terroni, model LS3000, São Paulo, Brazil).
Sodium azide (0.1%, w/v) was added in all the experiments to
prevent fungal development during the hydrolysis step.

2.6. Yield of Nanofibers Production. The CN yield was deter-
mined by drying the CN suspension at 50∘C until reaching
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constant mass (CN) in an oven with air circulation (Mar-
coni, Brazil). The CN yield (g/100 g of soybean straw) was
calculated according to the following, where SS is the mass
of soybean straw:

Yield of CN (%) = CN
SS
× 100.

(1)

2.7. Characterization of CN

2.7.1. Zeta Potential. The zeta potential was measured on a
Zetasizer Nano ZS instrument (Malvern Instruments, Ltd.,
UK) coupled to a ZEN 1020 dip cell. The mobility of tracer
particles in the vicinity of the charged test surface fixed in
the dip cell was measured by using phase analysis light scat-
tering and a simple model that describes the electroosmotic
flow near the surface. Three samples subjected to the same
treatment and three measurements of each set of samples
were examined to determine the zeta potential of the CN
suspension.Themeasurements were repeated three times for
each sample, at 25∘C.

2.7.2. Transmission Electron Microscopy (TEM). Transmis-
sion Electron Microscopy (TEM) helped us to observe the
morphology and determine the diameter of the CN obtained
from SS by enzymatic treatment. The CN suspension was
placed in ultrasonic bath for 2min. Then, a drop of diluted
suspension was deposited on a carbon-coated grid and dried
at room temperature for 24 h. The grid was stained with
1.5% uranyl acetate aqueous solution (immersion for 2min)
and dried at room temperature. Microscopic analyses were
performed on a JOEL electron microscope (JEM 100CXII,
Tokyo, Japan) operating at 80 kV. The CN diameters and
length were determined with the aid of image processing
analysis software (Image J), by using TEM images. Around
30 measurements were performed for each sample.

2.7.3. CN Crystallinity by X-Ray Diffraction (XRD). TheXRD
patterns of CN powder were recorded on an X-ray diffrac-
tometer (Lab XXDR-6000, Shimadzu, Tokyo, Japan) operat-
ingwithCuKa radiation (wavelength= 1.5406 Å) at 30 kVand
30mA.Themeasurements were carried out from 2𝜃= 5∘ to 2𝜃
=40∘, at a scan rate of 1∘min−1.The crystallinity index (CrI) of
the material was determined by using the Segal method [37]
as follows:

CrI =
(𝐼

002
− 𝐼am)

𝐼

002

∗ 100,
(2)

where CrI expresses the relative degree of crystallinity, 𝐼
002

is
the intensity of the 002 lattice diffraction at 2𝜃= 22.8∘, and 𝐼am
is the intensity of the diffraction at 2𝜃= 18∘. 𝐼

002
represents the

crystalline contribution, while 𝐼am represents the amorphous
diffraction.

2.7.4. Thermal Characterization. The thermal stability of CN
was evaluated on aThermogravimetric Analyzer TGA-Q500
(TA Instruments, New Castle, DE, USA). Approximately
10mg of each sample was weighed and sealed in platinum

Table 2: Optimash VR enzymatic activities for endoglucanase,
xylanase, 𝛽-glucosidase, exoglycosidase, and filter paper (condi-
tions: 50∘C and pH 4.0).

Enzyme activities Optimash VR activities
(U/mL of enzymatic cocktail)

Endoglucanase 1441 ± 32
Xylanase 4796 ± 103
𝛽-Glucosidase 135 ± 7
Exoglucanase 101 ± 12
FPase 17.1 ± 0.9

pans. The analyzed temperatures ranged from 20 to 700∘C;
the heating rate was 10∘C per minute. The analyses were con-
ducted in nitrogen atmosphere.

2.8. Statistical Analyses. Analysis of variance (ANOVA) and
Tukey’s test (𝑝 < 0.05) were applied at a 5% significance level
to compare means for yield, zeta potential, and dimensions
of CN as well as for concentration of reducing sugars
obtained by enzymatic hydrolysis from chemically pretreated
soybean straw (SS1, SS2, SS3, and SS4). Statistical analysis was
performed using Statistica 12 software (StatSoft®).

3. Results and Discussion

3.1. Lignocellulosic Composition. Table 1 shows the lignocel-
lulosic composition of untreated and chemically treated SS.
After the chemical treatments (treatment with alkali and
bleaching), the cellulose content increased from 39.8 to
67.1% of soybean, whereas the hemicellulose and lignin
contents decreased from 22.6 to 9.5% and from 12.8 to 4.2%,
respectively, as compared to the untreated fiber. As expected,
treatment of lignocellulosic fibers with alkali solubilized
lignin and the remaining pectins and hemicelluloses and
increased the surface area of the fibers, affording polysac-
charides that were more susceptible to hydrolysis [12, 23].
Increased cellulose content was more pronounced when
chemical treatment with NaOH 17.5% (SS2) was applied.

3.2. Activities of Enzymatic Cocktail. Table 2 lists the Opti-
mash VR enzymatic cocktail activities. Xylanases (4796U/
mL) and endoglucanases (1441 CMC U/mL) accounted for
the enzymatic activity, followed by exoglucanases (101U/mL)
and 𝛽-glucosidases (135U/mL). When filter paper was used
as substrate, the enzymatic activity was only 17.1 U/mL,
mainly due to the complex structure of the substrate. Based
on preliminary studies, we used 93 𝜇L of enzymatic cocktail
for each g of SS, which corresponded to 134 CMC U and
446 xylanase U for each g of SS. Xylanase efficiently removed
hemicellulose and lignin fractions from the treated fibers
(SS1, SS2, SS3, and SS4). In addition, xylanase attacked the
amorphous regions and helped to cleave the 𝛽-1.4 glycosidic
bonds, isolating the CN [19].

3.3. Enzymatic Hydrolysis: CN Yield and Zeta Potential. In
preliminary study on kinetics of sugar production (results not
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Table 3: CN production yield (%) (g of nanofiber/100 g of SS) and
zeta potential (mV) of the CN suspension obtained by enzymatic
hydrolysis of chemically pretreated soybean straw (SS1, SS2, SS3, and
SS4).

CN
suspension

CN yield
(g of nanofibers/100 g of SS)

Zeta potential
(mV)

SS1 7.4 ± 1.3a −21.7 ± 4.3a

SS2 6.6 ± 2.2a −20.8 ± 3.9a

SS3 7.5 ± 1.1a −22.5 ± 4.2a

SS4 6.3 ± 0.6a −24.5 ± 4.4a

Values are expressed as mean ± standard deviation. Letters “a” in the same
column indicate no significant differences among the samples.

shown) by enzymatic hydrolysis of SS, we found that 42 h was
the time that provided the best CN yield. Table 3 presents
the CN production yield and the zeta potential of the CN
suspension. Enzymatic treatment yielded between 6.3 and
7.5 g of CN/100 g of SS. Preliminary tests showed that high
enzyme concentration did not improve the CN yield (results
not shown). Treatment of SS with alkali increased the CN
yield slightly. Interestingly, the starting SS treated with NaOH
5% (SS1 and SS3) presented higher CN yield (7.4 and 7.5 g
of CN/100 g of SS, resp., corresponding to 0.11 and 0.18 g of
CN/g of CN suspension, resp.) as compared to the starting SS
treated with NaOH 17.5% (6.6 and 6.3 g of CN/100 g of SS for
SS3 and SS4, resp.).The CN concentration in the suspensions
was much higher than the CN concentration obtained by
acid treatment (H

2
SO
4
1%, 80∘C, 1 h) or enzymatic hydrolysis

of bleached peel of unripe plantain banana: 0.0054 and
0.0057 g/g of suspension, respectively [19].

Mechanical processes normally give CN yields lower than
5%, as described by Filson and Dawson-Andoh [38], who
isolated nanofiber from recycled pulp and Avicel. On the
other hand, acid hydrolysis of isora fibers can increase the
production of nanocrystals, yielding up to 48% [39] or 71.3%
[20]. Depending on the lignocellulosic source, even severe
acid treatments (H

2
SO
4
64%) cannot generate high amounts

of CN; for example, bleached soybean hulls treated with acid
afforded only 8–20% of CN yield [40].

The performance of nanofibers as reinforcing agent is
also associated with the surface charge or zeta potential.
The zeta potential indicates how stable colloidal dispersions
are. Nanofibers should have high zeta potential to prevent
aggregation and increase their degree of dispersion in the
biocomposite. In the present study, CN suspensions exhibited
negative zeta potential ranging from −20.8 to −24.5mV. No
significant differences (𝑝 > 0.05) were observed between the
zeta potential values of the different starting materials (SS1,
SS2, SS3, or SS4). The magnitude of the zeta potential
indicates the degree of electrostatic repulsion between adja-
cent, similarly charged particles in a dispersion. Colloidal
suspensions with zeta potential values between ±10 and ±30
and between ±30 and ±40 display incipient instability and
moderate stability, respectively. In fact, the stability behavior
(electrokinetic potentials) of colloidal suspensions is closely
related to the driving force (pressure drop that makes the

Table 4: Dimensions of CN obtained by enzymatic hydrolysis of
chemically pretreated soybean straw (SS1, SS2, SS3, and SS4).

CN
suspension Diameter (nm) Length (nm) Aspect ratio

(𝐿/𝐷)
SS1 7.6 ± 3.4b 216 ± 122a,c 33 ± 26a

SS2 11.5 ± 4.2a 131 ± 89b 13 ± 10b

SS3 9.2 ± 2.6b 237 ± 101a 26 ± 11ab

SS4 9.3 ± 2.9b 159 ± 86b,c 19 ± 12b

Values are expressed asmean± standard deviation. Different letters, a, b, and
c, in the same column indicate significant differences (𝑝 < 0.05) among the
samples.

solution flow), the surface property of the material, and the
solution properties (ionic strength, pH) [41].

The zeta potential values ofCNobtained in thisworkwere
higher than the zeta potential values obtained by Satyamurthy
et al. [17] for CN prepared from cotton by microbial hydrol-
ysis (−14.6mV). Nanocrystals prepared by acid hydrolysis
normally bear higher negative charge on the surface of
the nanoparticles, for example, −69.5mV [42] and −124mV
[20]. Smaller length and attachment of sulfate groups to the
nanoparticle surface account for this difference. Although
severe acid treatments generate more stable nanofibers, this
treatment lacks ecofriendliness.

The use of cellulases before acid treatments reveals the
buffer exerts a negative effect on the nanocrystal stability
(the zeta potential decreases from −124 to −53mV) [20]. This
could be due to either modification of the ionic distribution
around cellulose fibers prompted by ions provided by the
buffer [20] or influence of the pH.

3.4. Transmission Electron Microscopy (TEM). Figure 2 illus-
trates the TEM micrographs of the CN obtained after enzy-
matic treatment of the pretreated soybean straw (SS1, SS2,
SS3, and SS4). The micrographs clearly supported isolation
of CN from chemically pretreated SS. CN produced from
SS1, SS3, and SS4 had similar morphology. In general, CN
comprised a network of long entangled cellulosic filaments
with diameter of 9.4 nm on average and lengths above 100 nm
(see Table 4). The more severe chemical pretreatment (SS2)
significantly affected CNmorphology.TheCNobtained from
SS2 had a more gelatinous aspect, contained some spherical
structures, and displayed larger particle diameters (11.5 nm
as compared to 7.5 to 9.3 nm measured for the CN obtained
from SS1, SS3, and SS4). The CN obtained from SS2 were
probably more swollen, so the CN became thicker during
the drying process conducted previously to TEM analysis. In
contrast, the average lengths of SS2-CN (131 nm) and SS4-
CN (159 nm) were smaller as compared to SS1-CN (216 nm)
and SS3-CN (237 nm).The more severe treatment with alkali
(NaOH 17.5%) applied to SS2 and SS4 probably facilitated
enzymatic action on the amorphous region, so that lignin and
hemicelluloses were more easily removed from the internal
structure of the cellulose in this region. As a result, the
SS2-CN and SS4-CN samples contained smaller CN, and
their aspect ratios (length/diameter) were twice as lower
as the aspect ratio of SS1-CN and SS3-CN. The length of
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Figure 2: TEMmicrographs of cellulose nanofibers (CN) obtained by enzymatic hydrolysis of chemically pretreated soybean straw: SS1, SS2,
SS3, and SS4. 1, 2, 3, and 4 stand for the different SS submitted to the chemical treatments described in Table 1.

the nanocrystals obtained from soybean hulls was slightly
smaller (103–123 nm), and the aspect ratio was around 26
[40] or about 15–40 [12]. The lower values obtained by acid
hydrolysis were mainly due to the smaller length, given that
the nanofiber diameter fell in the same range as the nanofiber
diameter obtained by enzymatic/mechanical treatments.

The aspect ratio plays a major role in determining the
reinforcing capacity of nanofibers because it affects the ability
of the fiber to maintain the film network. Most of the nano-
fibers obtained from enzymatic and/or mechanical treat-
ments display different aspect ratio depending on the start-
ing material and treatment, namely, aspect ratio in the
range of 120–150 for nanofibers obtained from areca nut
(alkali: NaOH5%, acid:HCl, bleaching:NaClO

2
, and homog-

enization: Ultraturrax 12000) [43] and aspect ratio in the
range of 23–38 for nanofibers obtained from curauá [20].
Thus, mechanical treatment underlies CN formation.

3.5. Nanofiber Crystallinity. Figure 3 represents the XRD pat-
terns of the CN obtained from chemically pretreated SS by

enzymatic hydrolysis. The patterns were typical of semicrys-
talline cellulosic materials with an amorphous broad band
and defined crystalline peaks. The main differences in the
crystallinity peaks of SS1-CN, SS2-CN, SS3-CN, and SS4-CN
were due to chemical pretreatment type used (NaOH 5 or
17.5%, NaClO

2
, and H

2
O
2
) and not to enzymatic activity.

During the enzymatic hydrolysis, the enzymes cleaved the
glycosidic chains in cellulose, diminishing fiber size without
modifying the crystalline structure of the polysaccharide.
The amorphous bands were more evident in the XRD of the
samples SS3-CN and SS4-CN. H

2
O
2
was the bleaching agent

in these cases. Bearing in mind that sugars are amorphous,
the fact that some sugar released by the enzymes remained in
the CN suspension could influence the crystalline signals of
nanocellulose.

Type I cellulose predominated in all the diffractogram
profiles, as verified by the presence of identifiable peaks at
2𝜃 = 17∘ (plane 101), 23∘ (plane 002), and 34∘ (plane 004). A
mixture of polymorphs of cellulose I and cellulose II emerged
for the CN prepared from SS treated with higher contents of
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Figure 3: XRD pattern and crystalline index (CrI) of cellulose nanofibers (CN) obtained by enzymatic hydrolysis of chemically pretreated
soybean straw: SS1, SS2, SS3, and SS4. 1, 2, 3, and 4 stand for the different SS submitted to the chemical treatments described in Table 1.

alkali (NaOH 17.5%, SS2 and SS4).The peaks at 2𝜃= 12∘ (plane
101), 20∘ (plane 101), and 22∘ (plane 002) [44, 45] characterized
the presence of cellulose type II.Themain difference between
cellulose allomorphs lies in the structure of the unit cell
(dimensions, parallel/antiparallel glucan chains). Cellulose II
normally results from severe treatments with alkali [40, 44,
45] or is also associated with cellulose reprecipitation after
hydrolysis in the presence of strong sulfuric acid solution
[40, 46].

The resulting crystallinity indexes (CrI) of CN are pre-
sented in Figure 3. CN crystallinity varied depending on
the pretreated SS. SS1-CN and SS2-CN presented CrI of
around 67%, whereas SS3-CN and SS4-CN afforded lower
indexes (54% and 45%, resp.). The main difference between
SS1/SS2 and SS3/SS4 was the bleaching step. In the first
case, NaClO

2
was the main delignifying agent, whereas in

the second case H
2
O
2
was used instead of NaClO

2
. Both

treatments effectively dissolved lignin, as can be observed in
Table 1.The results suggested thatH

2
O
2
-based treatments not

only removed the amorphous portion of cellulose but also
degraded the crystalline ones, resulting in lower CrI. SS2-CN
also had smaller length than the other CN, so in this case
enzymatic hydrolysis disrupted the amorphous region more
effectively, to produce some nanocrystals.

3.6. Cellulose Nanofiber Thermal Stability. Thermal decom-
position parameters were determined from the TG and DTG
curves presented in Figures 4(a) and 4(b), respectively. The
chemical pretreatment of soybean straw influenced the ther-
mal degradation of the CN obtained by enzymatic hydrolysis,
mainly after 350∘C. In TG curve, it can be observed that the
first decomposition stage occurred between 50 and 100∘C and
corresponded to loss of 5–9% of mass due to desorption of
physically and chemically bound water. In the second event,
between 150 and 250∘C, 6.0 to 9.0% of matter was degraded,
which could be due to degradation of low-molecular-weight
compounds remaining from the isolation procedures. At this

point, SS2-CN and SS4-CN presented larger weight losses
probably because the sugar released by the enzymes remained
in the CN suspension. Once again, the enzymes removed
sugars from samples chemically treated with NaOH 17.5%
(SS2 and SS4) more effectively. The third stage referred to
degradation of lignocellulosic compounds, and the samples
presented different thermal degradability during this step.
According to Yang et al. [47], hemicellulose starts to decom-
pose at 220∘C, which continues up to 300∘C, with maximum
decomposition at 268∘C. Cellulose decomposition begins at
310∘C and persists until 400∘C, whereas lignin decomposition
extends to the whole temperature range, starting well below
200∘C and persisting above 700∘C. Solid residues correspond
to 20wt.% at 700∘C. In the present study, the samples differed
with respect to the decomposition peak and mass loss at
this stage. SS4-CN decomposition peaked at the highest
temperature, 343∘C, which corresponded to 56.3% mass
loss. The decomposition peak of the other samples emerged
between 318 and 327∘C (SS1-CN and SS3-CN, resp.), and
mass loss was 60.1, 57.3, and 61.4% for SS1-CN, SS2-CN, and
SS3-CN, respectively. Therefore, CN extracted from SS4 had
the highest thermal stability among the prepared samples.
Its stability resembled the thermal stability of nanocellulose
obtained from banana fiber, which decomposed at 346∘C
[15], and was higher than the thermal stability of most nano-
celluloses studied to date, which normally ranges from 310 to
326∘C [24].

Finally, the last event took place between 380 and 500∘C
and corresponded mainly to lignin degradation (the most
stable of the three compounds). In this stage, SS1-CN, SS2-
CN, and SS3-CN lost about 20% of their mass, and their
residual mass was close to 4%. However, SS4-CN lost only
7.1% of its mass, and its residual mass was 10%. As men-
tioned by Abraham et al. [15], the thermal stability of lignin
changes depending on the chemical bonds present in its
structure. Lignin-cellulose complex may be formed during
the production of nanocellulose by the interaction of the
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Figure 4: TG (a) and DTG (b) curves for cellulose nanofibers (CN) obtained by enzymatic hydrolysis of the chemically pretreated soybean
straw: SS1, SS2, SS3, and SS4. 1, 2, 3, and 4 stand for the different SS submitted to the chemical treatments described in Table 1.

Table 5: Concentration of reducing sugars (g/100 g of SS) in the
solution obtained after enzymatic hydrolysis of soybean residue
using the commercial enzymatic cocktail Optimash VR (DuPont,
USA) for 42 h (pH = 4.0 and T = 50∘C).

Sugar solution from CN
production

Reducing sugars (%)
(g of glucose/100 g of SS)

SS1 13.3 ± 1.0b

SS2 29.0 ± 0.9a

SS3 11.2 ± 0.6b

SS4 30.4 ± 1.1a

Values are expressed as mean ± standard deviation. Different letters, a and
b, in the same column indicate significant differences (𝑝 < 0.05) among the
samples.

remaining lignin and cellulose. Therefore, lignin may protect
the cellulose during the thermal degradation increasing the
cellulose degradation temperature and the residual mass.

3.7. Production of Reducing Sugars during Enzymatic Hydroly-
sis. The methodology proposed herein to produce CN from
SS (Figure 1) afforded a soluble fraction that was separated
by centrifugation after enzymatic hydrolysis (supernatant).
This fraction was rich in reducing sugars (Table 5). SS2 and
SS4 enzymatic hydrolysis provided higher concentration of
sugars (29.0–30.4%) as compared to SS1 (13.3%) and SS3
(11.2%). This result was a consequence of the effect of the
concentration of alkali and not of the type of bleaching
agent on the activities of the enzymes. Considering that the
starting material had similar composition (Table 1), NaOH
at higher concentration (17.5%) gave a different cellulose
structure, as evidenced by the XRD patterns (Figure 3). The
presence of cellulose type II in SS2 and SS4 made cellulose
easily accessible to the enzymes of the cocktail. In brief,
xylanases act on the glycoside linkages of xylan, hydrolyzing
part of hemicelluloses [48]. On the other hand, cellulases

can access the amorphous region of cellulose by action of
endoglucanases or the extremity of the chain by action of
exoglucanases [49].These enzymes fragment the 𝛽-1,4 bonds
into smaller chains. Cellobiohydrolases rapidly hydrolyze the
oligomers to the elementary unit of cellulose. Cellobiose (glu-
cose dimer) and glucosidases can produce glucose units [50].

4. Conclusions

Production of cellulose nanofibrils from soybean straw by
enzymatic-mechanical treatments also affords a coproduct (a
solution) with up to 30.4% of reducing sugars, which can
have further biotechnological applications such as generation
of bioethanol or biogas. Effective extraction of cellulose
nanofibrils requires previous mercerization of the fiber to
dissolve the noncrystalline particles of the lignocellulosic
fibers. Chemical pretreatment with alkali and bleaching
agents (NaClO

2
and H

2
O
2
) effectively removes 51–59% of

hemicellulose and up to 68% of lignin contents, providing
a material rich in cellulose (63–67%). Alkali at higher con-
centration (17.5%) leads to more effective hydrolysis of the
lignocellulosic complex by the enzymes. Indeed, cellulose
nanofibers obtained from the starting materials SS2 (NaOH
17.5%, NaClO

2
) and SS4 (NaOH 17.5%, H

2
O
2
) present smaller

length and high contents of sugars in the supernatant than
those obtained from SS pretreated with NaOH 5% (SS1 and
SS3). In the particular case of the sample treated with NaOH
17.5% and H

2
O
2
, the nanofibers present higher thermal

stability, suggesting that a lignin-cellulose complex may
have emerged. The enzymatic-mechanical treatment yields
cellulose nanofibers with diameters of 5–15 nm, constituting a
potentialmethodology to isolate these nanofibers fromdiffer-
ent bleached soybean straw. Therefore, H

2
O
2
can be success-

fully used as bleaching agent in treatments conducted prior
to cellulose nanofibrils production via enzymatic hydrol-
ysis, being more ecological than pretreatments that employ
NaClO

2
.
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The aim of the study was to prepare a thin film nanofibrous composite membrane utilized for nanofiltration technologies. The
composite membrane consists of a three-layer system including a nonwoven part as the supporting material, a nanofibrous scaffold
as the porous surface, and an active layer. The nonwoven part and the nanofibrous scaffold were laminated together to improve the
mechanical properties of the complete membrane. Active layer formations were done successfully via interfacial polymerization.
A filtration test was carried out using solutions of MgSO

4
, NaCl, Na

2
SO
4
, CaCl

2
, and real seawater using the dead-end filtration

method.The results indicated that the piperazine-basedmembrane exhibited higher rejection of divalent salt ions (>98%)with high
flux. In addition, them-phenylenediamine-basedmembrane exhibited higher rejection of divalent andmonovalent salt ions (>98%
divalent and >96% monovalent) with reasonable flux. The desalination of real seawater results showed that thin film nanofibrous
compositemembranes were able to retain 98% of salt ions fromhighly saline seawater without showing any fouling.The electrospun
nanofibrous materials proved to be an alternative functional supporting material instead of the polymeric phase-inverted support
layer in liquid filtration.

1. Introduction

Demand for fresh water sources is increasing due to a popu-
lation explosion in the world. Humans need drinkable water,
and groundwater resources are decreasing more than ever
before. Many countries are facing serious problems regarding
this. Several technological methods such as desalination [1, 2]
or distillation of seawater [3, 4] have given hope to people in
areas of water scarcity. Membrane desalination is an effective
technology that produces fresh water from brackish water or
seawater using nanofiltration (NF) [5] and reverse osmosis
(RO) [6] membrane processes.

Conventional NF and RO membranes consist of a con-
siderably thick phase-inverted polymeric support layer and
a relatively thin polyamide (PA) active layer by in situ
polymerization of an aqueous solution containing di- or
polyfunctional amine and organic solutions containing di- or

trifunctional carboxylic acid chloride at their interface [7–12].
Recently, an electrospun nanofibrous layer has been prepared
as an alternative supporting layer to form a thin PA active
layer using electrospinning methods. In this method, the
polymer solutions are spun directly onto nonwoven fabrics to
prepare the nanofibres [13, 14] and a PA active layer is formed
over the nanofibrous layer. The final structure is called a thin
film nanofibrous composite (TFNC) membrane. One of the
greatest advantages of the TFNC membrane is its extremely
high permeate flux due to its high surface area and direct
channel structure [15–18]. Besides the high flux performance,
TFNC membranes have shown excellent rejection in both
mono- and divalent salt ions, indiscriminately [19].

Despite the high salt rejection and permeate flux perfor-
mance of TFNCmembranes, the weakmechanical properties
of the nanofibrous layer and insufficient adhesion between
the nonwoven layer and the nanofibres have become themain
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limitations of the nanofiltration process. In the literature
there are various attempts to overcome the mechanical prob-
lem of nanofibres [20–22]. Some of the studies have focused
on increasing interfibre adhesion to improve the mechanical
properties of the entire membrane [23, 24]. For instance, a
mixed solvent system (dimethylformamide (DMF) and N-
methyl-pyrrolidinone (NMP)) was used to prepare a solution
of polyethersulfone (PES) by Yoon et al. [25]. A PES polymer
solution has been electrospun using needle electrospinning.
A different solvent mixed system contained solvents with
various vapour pressures. Therefore, the nanoweb on the
supportingmaterial was still partly wetted because of the high
vapour pressure of NMP, and this could lead to adhesion
between the fibres. However, the average fibre diameter
increased directly proportional to the mechanical strength
[16]. In other studies, to increase the strength and integrity of
the nonwoven and nanofibrous composite supporting layer,
heat and pressure were applied [26]. These above-mentioned
methods influenced the morphology of the nanofibrous
layer in a negative way (e.g., there is an increase in the
fibre diameter or nonfibrous area). Moreover, the needle
electrospinning method, which is a small-scale nanofibres
production system, used the studiesmentioned above.Hence,
the commercialization of those nanofilters is improbable.

The primary purpose of the researcher is to prepare a
membrane with the best rejection and flux performance in
the area of desalination. In the literature, there are many
attempts to increase membrane performance by using var-
ious kinds of additives in an aqueous or organic phase to
obtain a better IP process [27–29]. Petersen reported that,
to obtain higher rejection performance in piperazine-based
(PIP) membranes, the presence of an acid acceptor was
necessary in an aqueous solution. However, this was not
the case for m-phenylenediamine-based (MPD) membranes
[10]. The reaction rate of a PIP solution into the trimesoyl
chloride (TMC) solutionwas rather low and requires a higher
concentration of acyl halide along with an acid acceptor to
promote the PA active barrier layer. In the case of MPD-
basedmembranes, the high portion of tertiary amine content
acts as a built-in acid acceptor. Hermans proved that the
use of a tertiary amine base was necessary to obtain a high
rejection rate together with surfactants. However, adding
each of them separately did not improve the performance
[30]. Mansourpanah indicated that adding different kinds
of surfactants (anionic, cationic, and nonionic) affects the
filtration performance and morphology of the active barrier
layer. They reported that an increase in surfactant concentra-
tions in aqueous PIP solutions usually decreases rejection and
increases permeate flux with some exceptions [31, 32].

When it comes to desalination technology, the dead-
end filtration method is usually applied as a pretreatment
for reverse osmosis in seawater desalination using a low-
pressure membrane such as microfiltration or ultrafiltration
[33, 34]. The polymeric phase-inverted micro- and ultrafil-
tration membranes have proved themselves to be able to take
on this task. However, polymeric phase-inverted membranes
tend to show fouling due to their hydrophobic structure.
Moreover, most of the common phase-inverted membranes
are produced from expensive polymers such as PVDF, PES, or

PSf using highly concentrated polymer solutions via a solvent
and nonsolvent exchange system.

Taking into consideration the above information, the
objectives of the present work are the following:

(1) To prepare alternative supporting material, which is
relatively cheap and applicable to upscale production
of liquid filtration or desalination.

(2) To overcome the main issues of nanofibrous mem-
branes (weak mechanical properties) in liquid nano-
filtration and prepare the finest possible nanofibrous
surface without negatively affecting the morphology
of the nanofibres for PA thin active surface.

(3) To desalinate real seawater provided from the Med-
iterranean Sea using thin film nanofibrous com-
posite membranes under low pressure via dead-end
filtration.

In this study, three-layered thin film nanofibrous com-
posite membranes were prepared.The nonwoven and nanofi-
brous supporting layers were combined using the lamination
method by applying heat and pressure. The top PA thin
active layer was formed by interfacial polymerization. The
characterizations of laminated support layer and prepared
thin film nanofibrous composite membrane were done. The
long-term filtration performance was evaluated via a dead-
end filtration cell using mono- and divalent salt solutions.
Finally, real seawater filtrationwas carried out using the dead-
end filtration cell.

2. Experimental

2.1. Materials. The TFNC bottom substrate was a polypropy-
lene/polyethylene (80/20, 18 g/m2) bicomponent spunbond
nonwoven fabric (Pegatex S BICO) from Pegas Nonwo-
vens s.r.o. (Czech Republic). The solution used to pro-
duce the porous nanofibre layer by electrospinning con-
sisted of polyamide 6 (PA6) (BASF B24) dissolved in acetic
acid/formic acid. The selective layer of the TFNC membrane
was prepared by interfacial polymerization of two immiscible
phases on the porous nanofibre layer. Piperazine (PIP) and
m-phenylenediamine (MPD) were purchased from Sigma-
Aldrich and prepared in deionised water as aqueous phases,
while the organic phase was prepared by dissolving trimesoyl
chloride (TMC) (Sigma-Aldrich) in hexane at 40∘C. The
filtration performance of TFNCmembranes was tested using
salt solutions containing magnesium sulphate (MgSO

4
),

sodium chloride (NaCl), and calcium chloride (CaCl
2
) pur-

chased from Penta s.r.o. (Czech Republic) and sodium sul-
phate (Na

2
SO
4
) purchased fromLachema, Brno (Chemapol).

Triethylamine (TEA) was purchased from Sigma-Aldrich.
Sodium hydroxides (NaOH) were chosen as acid acceptor
materials and Synferol AH 1241 was used as an anionic
surfactant.

2.2. Preparation of the Electrospun PA6 Porous Nanofibrous
Layer. A solution of polyamide 6 (8%wt.) was dissolved
in acetic acid/formic acid at a ratio of 2/1 at 80∘C for
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Figure 1: Electrospinning of PA6 nanofibres using the Nanospider� Production Line NS 1WS500U.

4 hours to produce a nanofibre layer using wire electrode
electrospinning equipment (NS 1WS500U, Elmarco s.r.o.,
Czech Republic). Wire electrospinning is a new technique
that uses an electrical force to spin nanofibres from a free
surface liquid towards a collector electrode [35] (Figure 1). A
solution carriage feeds the polymer solution around amoving
stainless steel wire. The speed of the carriage is 245mm/s
and the rotation speed of the wire is 40.5 cm/h. High voltage
suppliers are connected to the wire electrode (55 kV) and
the collector electrode (−10 kV). When the applied voltage
exceeds a critical value, many Taylor cones are created on
the surface of the wire. Polymer solution jets move towards
the collector, the solvent evaporates, and the PA6 nanofibrous
layer is collected on baking paper moving in front of the
collector electrode.The speed of the movement of the baking
paper is 9 cm/min.

The distance between the electrodes is 18 cm.The temper-
ature and humidity of input air are set to 23∘C and 30% by the
air-conditioning system.The volumes of air input and output
are 98 and 110m3/h, respectively.

2.3. Lamination of Nonwoven and Nanofibrous Materials.
Bicomponent spunbond nonwoven and PA6 nanofibrous
fabrics were laminated using RPS-Mini fusing lamination
equipment (Meyer-Germany). This process was carried out
tenuously to avoid damaging the structure of the nanofibres
such as the fibre diameter and pore size.

The PA6 nanofibrous layer was put onto PP/PE bicompo-
nent nonwoven fabric and inserted between two Teflon belts
moving at 2m/min in the lamination equipment.

The temperature was set at 135∘C considering the melting
point of PE (120–130∘C). The nanofibrous layer adhered to

Heated
pressure rollers

Teflon belt
Backing paper

Nanofibrous fabric
Nonwoven fabric

Direction of lamination

Figure 2: Lamination method and equipment.

the nonwoven fabric under a pressure of 15N/cm while
the PE fibres partlymelted.The resulting product is called the
nonwoven-nanofibrous composite (NNC) scaffold (Figure 2).

2.4. Preparation of the Active Barrier Layer. The laminated
PP/PE bicomponent spunbond nonwoven fabric and the
PA6 nanofibrous web were used as supporting material to
prepare the TFNC membranes. To form an active barrier
layer, interfacial polymerization was carried out using MPD
and PIP monomers for an aqueous solution while TMC was
used for organic solutions.

To prepare the PIP-based TFNC membranes, TEA
[4.0% (w/v)] and NaOH [1.0% (w/v)] were added to a certain
amount of PIP [2.0% (w/v)] aqueous solution while the
concentration of the TMC was [0.2% (w/v)]. The reaction
times selected for the aqueous and organic solutions were
1min and 45 sec, respectively. The drying time between the
solutionswas set at 5min.The temperature and time of curing
in the incubator were 110∘C and 10min, respectively.
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MPD-based membranes were prepared using an acid
acceptor [TEA, 2.0% (w/v)] and surfactants [anionic liquid,
0.2% (w/v)]. The selected concentrations of MPD and TMC
were [2.0% (w/v)] and [0.2% (w/v)] in aqueous and organic
solutions. The IP reaction for the MPD-based membranes
was carried out under the same conditions as the drying,
curing time, and curing temperature mentioned above for
the PIP-basedmembranes except that the reaction times were
different. The selected reaction time for the MPD aqueous
solution was 1min, whereas the reaction time for the organic
solution was 30 sec.

2.5. Characterization of Enhanced TFNC Membranes. The
surface morphologies of enhanced MPD- and PIP-based
TFNC membranes were investigated using scanning elec-
tron microscopy (Tescan-Vega3 SEM). Attenuated total
reflectance Fourier transforms infrared spectroscopy (ATR-
FTIR) characterization of the MPD- and PIP-based TFNC
membrane surfaces was performed with the ATR accessory,
using a Nicolet IZ10 (Thermo Fisher Scientific Inc., Waltham,
MA). Analysis of samples was carried out by applying the
reflection technique using a Germanium crystal. The surface
hydrophilicity of the NNC scaffold andMPD- and PIP-based
TFNCmembraneswas evaluated using an optical anglemeter
(Kruss Drop Shape Analyzer DS4).

2.6. Molecular Weight Cut-Off (MWCO) Test Using Aqueous
PEG Solutions. Molecular weight cut-off refers to the lowest
molecular weight solute (in daltons) in which 90% of the
solute is retained by the membrane. The MWCO of MPD-
and PIP-based membranes was evaluated with polyethylene
glycol aqueous feed solutions, containing 1000 ppmPEGwith
different molecular weights (Sigma-Aldrich; Mn: 200, 400,
and 600). The permeants and feed solutions were analyzed
using a total organic carbon analyzer (direct measurement
method, Analytik Jena Multi N/C 2100S, Germany). The
filtration performance of PEG solutions was tested using a
dead-end filtration cell.

2.7. Liquid Chromatography Analysis. The prepared MPD-
and PIP-based membranes were used to determine whether
residual compounds such asMPD, PIP, TMC, TEA, or surfac-
tants were released from the membranes to the permeation
side. Therefore, the membranes were set into a dead-end
filtration cell and only pure water was used as a feed solution.
The permeate water samples were stored in a vial specifically
for liquid analysis. The existence of residual chemicals that
could be released from the membrane itself during the pure
water filtration experiments was investigated using ABSciex
3200 QTRAP mass spectrometer and Dionex UltiMate 3000
liquid chromatography.

The amount of salt ions (Na+, Ca+2, K+, Mg+2, Cl−, SO−4,
NO−2, and NO−3) in the original feed seawater and filtered
seawater was determined through ion chromatography anal-
ysis using ICS-90 Dionex.

2.8. Evaluation of Filtration Performance. The dead-end fil-
tration cell was used to investigate the filtration performance

Table 1: Properties of the NNC scaffold.

Smallest pore
size (𝜇m)

Bubble point
pore size
(𝜇m)

Mean flow
pore size
(𝜇m)

Fibre
diameter
(nm)

0.469 1.064 0.739 126 ± 29.1

of enhanced MPD- and PIP-based TFNC membranes. All
of the filtration experiments were performed to observe the
long-termand fouling performance of theTFNCmembranes.
The experiments were performed using pure water and salt
solutions, for example, 2,000 ppm MgSO

4
, NaCl, CaCl

2,
and

Na
2
SO
4
solutions, were used as feed water. The rejection

performance was calculated by (1), using a conductivity
meter:

Rejection (%) =
Cf − Cp

Cf
× 100, (1)

where Cf and Cp are the conductivity of the feed and
permeant concentrations.

3. Results and Discussion

3.1. Characteristic of TFNC Membranes. In this study, pro-
duction of PA6 nanofibres was carried out onto a backing
paper substrate using a Nanospider electrospinning device.
Subsequently, the PA6 nanofibrous layer was transferred
onto a PP/PE spunbond nonwoven fabric by the lamina-
tion method. Figure 3 illustrates the top-viewed and cross-
sectioned SEM image of the TFNC membranes. The average
fibre diameter of the top layer of the NNC scaffold was 126 ±
29.1 nm and the mean flow pore size was 0.739 𝜇m. Further
features of the NNC scaffold are listed in Table 1.

The tensile strength tests of the nonwoven fabric, nanofi-
brous scaffold, andNNC scaffoldweremeasured individually.
The nanofibrous layer showed weak mechanical properties
of 4.33N/25mm (machine direction) and 4.12N/25mm
(counter-direction), while the tensile strength of the spun-
bond bicomponent nonwoven fabric was 14.95N/25mm
(machine direction) and 6.14N/25mm (counter-direction).
When the lamination method was applied, the tensile
strength of the NNC scaffold was increased to 29.17N/25mm
(machine direction) and 14.42N/25mm (counter-direction).
The thicknesses of the nanofibrous scaffold and the spunbond
bicomponent nonwoven fabric were 38 ± 0.5 𝜇m and 75 ±
1 𝜇m, respectively. After lamination of the fabrics, the total
scaffold thickness was 105 ± 5 𝜇m.

The PIP- and MPD-based TFNC membranes were pre-
pared by adding various additives to the aqueous solutions.
The addition of an acid acceptor, a strong base, and anionic
surfactants to the aqueous solution had a significant effect on
the surface morphology of the PIP- and MPD-based TFNC
membranes (Figure 4).

It is evident from the SEM images in Figure 4 that
the fibrous pattern of the nanofibrous layer disappeared
and formed a typical ridge and valley PA structure on the
NNC scaffold. The surface structures of the MPD-based
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Figure 3: SEM images of (a) top view (nanofibres) and (b) cross-sectioned TFNC membranes.
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Figure 4: Surface images of (a) PIP-based membranes which were prepared TEA+NaOH and (b) MPD-based membranes which were
prepared TEA+Synferol AH.

membranes prepared with the anionic liquid were smooth
and homogenous according to the PIP-based membranes.
The morphological difference of the MPD- and PIP-based
membranes is mainly due to the difference in the chemical
structure of the monomers.

The FTIR spectra of the obtained PIP-based PA active
layers on the NNC scaffold are shown in Figure 5. The strong
and broad signals around the wavelength of 3,405 cm−1 were
observed with the addition of NaOH, which was assigned to
the carboxylic acid group or the hydroxyl group on the sur-
face of the active layer. However, for the membranes coated
with MPD-based active layers, the same bond seems weaker.
A strong band at 1,620 cm−1 is an indicator of the C=O bond
of an amide functional group for both membranes.

The FTIR spectra of the prepared MPD-based PA active
layers on the NNC scaffold are also given in Figure 5.
The characteristic properties of the MPD-based membranes
were seen at 1,650 cm−1 and 1,550 cm−1, which are repre-
sented by the C=C bond of the phenyl ring and amide
II, respectively. The C-H stretching region for the anionic

liquid (Synferol AH) can be observed from themediumpeaks
at 2,956 cm−1 (asymmetric CH

3
), 2,923 cm−1 (asymmetric

CH
2
), and 2,854 cm−1 (symmetric CH

3
). The other peaks

observed after 1,000 cm−1 indicate C-H bonds in aromatics
groups.

The reaction of both MPD (Figure 6) and PIP (Figure 7)
monomers with TMC led to the successful formation of a
dense layer on the NNC scaffold.

The surface hydrophilicity of the prepared PIP- and
MPD-based TFNC membranes is given in Table 2.

TheNNC scaffold showed slightly hydrophilic behaviour,
while the membranes with the active barrier layer showed
more hydrophilic behaviour than the NNC scaffold. The
measurement of contact angles of the PIP-based membranes
showed superhydrophilic behaviourwith the existence of acid
acceptors (TEA, NaOH). The measurement of the contact
angle of the MPD-based membranes demonstrated that the
addition of an acid acceptor and an ionic liquid to the aqueous
solution has a significant effect on the surface hydrophilicity
of the active layer.
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MPD-based (3) membranes.

Table 2: Contact angle properties of NNC and TFNC membranes
(specified with reaction time).

Membranes Contact
angle Images of water droplet

NNC scaffolds 62.7 ± 2.74

PIP+TEA+NaOH+TMC
(1min + 45 sec) 0

MPD+TEA+Synf+TMC
(1min + 30 sec) 21 ± 1.64

3.2. Determination of the Molecular Weight Cut-Off of the
TFNCMembranes. Thefiltration of an aqueous PEG solution
with different molecular weights was carried out using dead-
end filtration to determine the MWCO of the TFNC mem-
brane. Table 3 gives the PEG rejection values of the PIP-based
TFNCmembrane prepared usingTEA+NaOHas an additive
and theMPD-based TFNCmembrane prepared using TEA +
Synferol AH as an additive. 1000 ppm PEG 200, 400, and 600
solutions were used as the test samples during the MWCO
tests.

It was found that the MWCO of the PIP+TEA+NaOH-
based membrane was 400Da (the rejection rate was 91.1%).
The average solution diameter of PEG-400 was 1.8 nm, which
means that the effective pore size of the PIP+TEA+NaOH-
based membrane was around 1.8 nm. The MPD+TEA+Sy-
AH-based membrane showed a high PEG-200 rejection
rate (97.3%). The average solution diameter of PEG-200

Table 3: The rejection values of the TFNC membranes using PEG
feed solutions.

Membranes PEG-200 PEG-400 PEG-600
PIP+TEA+NaOH 61.5% 91.1% 98.9
MPD+TEA+Sy-AH 97.3% 98.9% 99.6

Table 4: Properties of the salt used for the feed solutions.

Type of salt Conductivity
(mS/cm) pH Parts per million (ppm)

MgSO
4 2.21 5.59 2,000

Na
2
SO
4 5.74 6.87 2,000

NaCl 3.52 6.15 2,000
CaCl
2 3.62 5.75 2,000

was 1.3 nm (200Da), which means that the effective pore
size of the MPD+TEA+Sy-AH-based membrane was less
than 1.3 nm [36]. The TOC analysis showed that the
PIP+TEA+NaOH-based membrane was able to retain com-
pounds with a maximum average molecular weight of
400 g/mol. On the other hand, theMPD+TEA+Sy-AH-based
membrane was able to retain a compound with a molecular
weight of less than 200 g/mol.

3.3. Filtration Performance of TFNC Membranes. The filtra-
tion processes in the extended period were carried out using
a PIP+TEA+NaOH-based membrane. First, the filtration
process was carried out using distilled water to determine
the pure water permeate flux and level of compaction of the
membrane (Figure 8).

In the early filtration stage of all of the membranes,
determination of the pure water flux is necessary in order
for the membranes to reach a steady state. In this study,
transmembrane pressure was applied to all of the prepared
membranes for compaction. Once the membranes reach a
steady state using pure water, the filtration process was car-
ried out for the feed solutions. Figure 8 shows the pure water
flux of PIP+TEA+NaOH-basedmembranes for 24 hours.The
filtration of the pure water flux began with 78.5 Lm−2 h−1
and was then decreased to 75.9 and 74.7 Lm−2 h−1. Stable
flux averaging 73.5 Lm−2 h−1 was obtained after 6 hours. The
differences between the steady state and the third-hour flux
were not so significant (1.2 Lm−2 h−1). It is also seen from
Figure 8 that the amount of compaction on the PIP-based
membranes was almost negligible.

After the steady state of the PIP+TEA+NaOH-based
membrane was determined and attained using pure water,
feed solution experiments were carried out for an extended
period. Four kinds of salts, that is, MgSO

4
, NaCl, CaCl

2,
and

Na
2
SO
4,
were chosen for the feed solution. The properties

of the salt solutions are given in Table 4 and the filtration
performances of the four kinds of solution are illustrated in
Figure 9.

The flux and rejection performance are shown for the
filtration of feed solutions in all of the graphs in Figure 9.
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In Figure 9(b), the flux performance showed a decreas-
ing trend, which means that the PIP+TEA+NaOH-based
membrane showed slightly fouling behaviour during the
filtration of the Na

2
SO
4

feed solution. Eventually, the

PIP+TEA+NaOH-based membrane showed a high rejection
performance for divalent salts. Inherently, the retained
monovalent salt ratios were low.

The MPD+TEA+Sy-AH-based membrane used for the
pure water filtration over an extended period is shown in
Figure 10.

The MPD+TEA+Sy-AH-based membrane began with
considerably high pure water flux; after a while the pure
water flux becomes stable and reaches a steady state.The pure
water flux began around 31.2 Lm−2 h−1 and then reached a
steady state at 22.3 Lm−2 h−1 after 6 hours. The membrane
compaction is crucial for the NF and RO membranes and
depends on the applied pressure and type of membrane [37,
38]. Flux performance can drop significantly, especially in
reverse osmosis membranes [39]. Figures 8 and 10 show that
the compaction rate of the TFNCmembranes is substantially
low due to the advantages of the fibrous structure of the
supporting layer.

The filtration experiments of different salt-based feed
solutions for the MPD+TEA+Sy-AH-based membrane are
given in Figure 11. The rejection rates of divalent salts were
higher than 98% and were around 96-97% for monovalent
salts. The flux performance of the MPD+TEA+Sy-AH-based
membrane showed a slightly decreasing trend. This may be
explained by the concentration polarization due to the use of
a dead-end filtration cell.
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Figure 9: Extended filtration of (a) MgSO
4
, (b) Na

2
SO
4
, (c) CaCl

2,
and (d) NaCl feed solutions at 2,000 ppm and 4.8 bar using a dead-end

cell.

A specific amount of feed water was used in each
experiment, and the circulation of feed water was impossible
in the dead-end filtration system. As the water molecules
diffuse through the TFNCmembrane, the salt ion is retained
and the concentration of feed water continuously increases.
Due to the fact that the ratio of salt ions increased rapidly,
concentrated feed solutions accumulate on the surface of the
membrane and lead to salt leakage or fouling. Moreover, the
osmotic pressure of the feed water increases proportionally
to the concentration of the feed solution. For this reason, the
flux of feed water tended to decrease during filtration using
the MPD-based membranes.

3.4. Analysis of Real Seawater Filtration. The desalination
of seawater using membrane technology is a promising
technique, which essentially requires more than one step to
produce drinkable water such as prefiltration,microfiltration,
and softening. The results of ion-exchange chromatogra-
phy analysis and conductivity measurements show that the

amount of the main dissolved salt ions and the conductivity
of the seawater were extremely high for the NF membrane
filtration process (Table 5).

The primarily filtration experiment was carried out using
PIP+TEA+NaOH- and MPD+TEA+Sy-AH-based mem-
branes by measuring the conductivity of the permeate water
only (Figure 12).

The results in Figure 12 show that the conductivity value
of permeate water dropped from 53.2mS/cm to 47mS/cm
and 38mS/cm, respectively, while the flux performance was
24.6 Lm−2 h−1 and 0.65 Lm−2 h−1, respectively. It is clear that
the PIP- and MPD-based membranes remained incapable of
retaining an excessive amount of salt ions in the seawater all
at once. For this reason, the same feed seawater was circulated
and was used more than once while the same membrane was
fixed on the dead-end cell.

The filtration experiment of circulated seawater started
with the PIP-based membranes and was repeated six
times. Subsequently, the same permeate water was used
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Figure 10: Observation of the filtration process of MPD+TEA+Sy-
AH membrane for an extended period using pure water at 4.8 bar.

Table 5: The main dissolved ions in a Mediterranean seawater
sample.

Cations mg/L
Na+ 11,741
Mg+2 1,447
Ca+2 433
K+ 411
Anions mg/L
Cl− 21,384
SO
4

−2 2,357
NO
2

−
<100

NO
3

−
<100

Conductivity of seawater 53.2ms/cm

as feed water using the MPD-based membranes and was
repeated four times (Figure 13). The flux performance of
the PIP+TEA+NaOH-based membranes in the filtration of
seawater was higher compared to the MPD+TEA+Sy-AH-
based membranes. Moreover, the flux performance of PIP-
based membranes increased after each filtration process,
while the conductivity of the feed seawater decreased. The
conductivity of the feed seawater remained stable after the
fifth (32.5mS/cm) and sixth (32.0mS/cm) filtration (Fig-
ure 13(a)). It was understood that after four filtration cycles
using the PIP-based membranes there was none or only trace
amounts of divalent salt ions in the feed seawater. The rate
of recovery was more than 95% at the end of the filtration
processes of seawater using the PIP-based membrane.

Further filtration was continued with MPD+TEA+Sy-
AH-based membrane using prefiltered feed seawater, which
had a conductivity of 32.0mS/cm (Figure 13(b)). In the first
attempt of filtration, the conductivity dropped to 20mS/cm
while the flux performance was 0.935 Lm−2 h−1, which was
slightly higher than shown in Figure 12. During the second
filtration of the feed seawater, the conductivity decreased to

Table 6: Amount of ions in the filtered seawater sample [permeant
(4.) in Figure 13(b)].

Cations mg/L
Na+ 219
Mg+2 1.8
Ca+2 9.4
K+ 8.6
Anions mg/L
Cl− 341
SO
4

−2 4.2
NO
2

−
<10

NO
3

−
<10

Conductivity of seawater 585.1 𝜇S/cm

10.5mS/cm while the flux performance was more or less the
same (0.965 L m−2 h−1).

After the fourth attempt at MPD-based filtration, the
conductivity of the obtained permeate water was 585.1𝜇S/cm
with increased flux (1.12 Lm−2 h−1), which means that
approximately 98.9% of the salt ions were retained from the
seawater using TFNCmembranes by dead-end filtration.The
final recovery rate was around 75% at the end of the seawater
filtration process using the MPD-based membrane.

The analysis of ion-exchange chromatography was car-
ried out again, and the amounts of salt ions in the filtered
water are given in Table 6.

It is clear from Figure 13 that the rejection ratio of
salt ions from seawater was dependent on the number of
repetitions of the circulated feed seawater using the dead-end
filtration method. We firmly believe that there was a chance
to retain the rest of the salt ions from the obtained seawater
permeants by increasing the circulation time. However, the
flux performance of the MPD-based membranes dropped
extremely. It was not reasonable to proceed with the filtration
of seawater experiment using a dead-end filtration cell and so
we limited the circulation times of the feed seawater to four
using the MPD-based membrane.

Another advantage of TFNC membranes was revealed
by liquid chromatography analysis of permeate water. The
results of the analysis showed that the amount of the residual
chemical, which was maybe released from the membrane
itself, was not observed except for a trace amount of TEA
(0.1mg/L after 5 hours of pure water filtration).

4. Conclusion

In this study, not only the flux performances but also
the rejection performances of MPD- and PIP-based mem-
branes were significantly high using an acid acceptor and
surfactants. The addition of TEA as an acid acceptor is
necessary for the formation of poly(piperazine amide). The
presence of TEA increased the reaction rate of the PIP
monomer to the TMC monomers. A strong base (NaOH)
was added as a second additive to the aqueous solution
and a poly(piperazine amide) active layer formed onto the
NNC scaffold. The highest divalent rejection performance
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Figure 11: Extended filtration of (a) NaCl, (b) CaCl
2
, (c) MgSO

4,
and (d) Na

2
SO
4
feed solutions at 2,000 ppm and 4.8 bar using a dead-end
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Figure 12: Filtration experiment of seawater using different mem-
branes and a dead-end cell at 4.8 bar.

was obtained using the PIP+TEA+NaOH-based membrane,
which was on average 98.8%MgSO

4
and 97.4%Na

2
SO
4
. Even

though the effect of the dead-end filtration method proved
to be a disadvantage, the pure water flux and permeate flux
of PIP+TEA+NaOH-based membranes were high, that is,
73.5 Lm−2 h−1 and 40.5 Lm−2 h−1, respectively. The MPD-
based membrane showed high flux and rejection perfor-
mance with the addition of an anionic liquid and TEA.
The highest monovalent rejection performance was recorded
with the MPD+TEA+Sy-AH-based membrane, which had
an average of 97.4% CaCl

2
and 96.3% NaCl. The pure

water flux and permeate flux of the MPD+TEA+Sy-AH-
based membrane were high, that is, 22.5 Lm−2 h−1 and 12.5
Lm−2 h−1, respectively.

The filtration experiments of the real seawater indicated
that the TFNCmembranes were not able to retain a sufficient
amount of salt ions at the first attempt. For this reason, the
combination of circulated feed seawater was used to retain
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Figure 13: Circulated filtration of seawater using (a) PIP- and (b) MPD-based membranes.

a higher amount of salt ions. As a result, 98.9% of the salt
ions were retained from the original seawater. The results of
the ion-exchange chromatography analysis of the original and
obtained permeate water matched the conductivity values.

The thin film nanofibrous composite membranes exhib-
ited high mechanical properties and resisted an applied
pressure of 4.8 bar in all of the filtration experiments. Primary
results indicated that electrospun nanofibres are promising
candidates for use as new high-performance nanofiltration
membranes due to their high flux and ion rejection.
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Collagen was extracted from abandoned Rana chensinensis skin in northeastern China via an acid enzymatic extractionmethod for
the use of drug carriers. In this paper we demonstrated two different nanofiber-vancomycin (VCM) systems, that is, VCM blended
nanofibers and core-shell nanofibers with VCM in the core. Rana chensinensis skin collagen (RCSC) and poly(L-lactide) (PLLA)
(3 : 7) were blended in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at a concentration of 10% (g/mL) to fabricate coaxial and blend
nanofibers, respectively. Coaxial and blend electrospun RCSC/PLLA nanofibers containing VCM (5wt%) were evaluated for the
local and temporal delivery of VCM. The nanofiber scaffolds were characterized by environmental scanning electron microscope
(ESEM), transmission electron microscopy (TEM), Fourier transform infrared spectra (FTIR), differential scanning calorimeter
(DSC), water contact angle (WCA), and mechanical tests. The drug release of VCM in these two systems was compared by using
UV spectrophotometer. The empirical result indicated that both the blend and coaxial RCSC/PLLA scaffolds followed sustained
control release for a period of 80 hours, but the coaxial nanofibermight be a potential drug deliverymaterial for its bettermechanical
properties and sustained release effect.

1. Introduction

Preventing wound infection has been the major difficulty in
wound care field in recent years [1]. Open skin wound is a
potential invasion site which may result in the invasion of
the bacteria and pathogens [2]. Infectious organisms prefer-
entially target wounds beneath dressing materials, leading to
possibly serious infections that require removal of the wound
dressing and excision of cutaneous wounds [3]. Thus, effec-
tive and nontoxic antibacterial materials composed of bio-
logical components have attracted much attention in recent
years [4]. Cast films [5], nanoparticles [6], and nanofibers
[7] have been investigated for drug carriers. Among various
of antibacterial materials, electrospun nanofibers with the
characteristics of fiber controllable size, large specific surface

area, high porosity, and unique characteristics of three-
dimensional network structure could excellently simulate the
natural extracellular matrix (EMC) and have been widely
used in tissue engineering scaffolds, tissue repair, drug
carrier, and so on [8]. In addition, it has been proved that
electrospun nanofiber is an efficient drug delivery system [9].

Collagen is abundant in connected tissue such as skin,
bones, tendons, ligaments, and blood vessels in animals
[10, 11]. Cattle and pigs have always been the main source
of collagen. However, the threat of animal diseases such
as mad cow disease and foot-and-mouth disease became a
problem and people with special religion or custom cannot
use terrestrial source collagen, so to look for new alternative
sources is urgent and it is becoming a hot spot of research to
extract collagen from marine organism [12].
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Rana chensinensis, a kind of primitive animal in north-
eastern China, is widely used in edible and medical fields for
its high nutritive value [13]. However, large quantities of waste
skin of R. chensinensis become a problem [14, 15]. The skin
of R. chensinensis contains numerous bioactive substances
with great application value and exploitation potential. People
have already purified helpful substance such as polysaccha-
ride and antimicrobial peptides from the abandoned Rana
chensinensis skin [14–16]. In our previous work, Rana chensi-
nensis skin collagen (RCSC) was isolated and purified by acid
enzyme extraction [17]. Poly(L-lactide) (PLLA), a kind of
synthetic materials, which improves mechanical properties
along with good biodegradability and bioabsorbability, can
cause complementary performance and synergy with the
collagen [18]. In this paper, the RCSC and PLLA are used for
the fabrication of nanofiber scaffolds.

Vancomycin (VCM) is a glycopeptide antibiotic that
functions by inhibiting the formation of the bacterial cell wall
[19]. It is effective against gram-positive bacteria, especially in
recalcitrant staphylococcal infections that are unresponsive
to penicillin or cephalosporin antibiotics [20].

Nanofibers with different structure may exhibit different
drug release effect. Two different electrospun processes of this
paperwere introduced to study the drug release in nanofibers,
that is, blend electrospun [9] and coaxial electrospun [21].
In this study, VCM, as a model drug, was encapsulated
into RCSC/PLLA nanofibers by two different electrospinning
processes to impart controlled release of VCM.Characteristic
and properties as well as drug release of the two different
types of nanofibers were studied in this research.

2. Experimental

2.1. Materials. Skin samples were collected from the residues
of Rana chensinensis in the northeastern China. Collagen
was extracted from the skin samples through acid enzymatic
extraction in our lab [17]. PLLA with an average molecular
weight (Mw) of 180,000 was purchased from Jinan Dai Gang
Biotechnology Co., Ltd., China, and vancomycin was pro-
vided by Hefei Bo Biotechnology Co., Ltd., China. 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) from Energy Chemical Co.,
China, was used to dissolve the RCSC, PLLA, VCM, and their
blends.

2.2. Preparation and Electrospinning. Coaxial electrospin-
ning was employed to produce core-shell nanofiber system
withVCM in the core and uniaxial electrospinningwas intro-
duced for the blend nanofibers. For the coaxial nanofiber-
VCM system, the core solution was prepared by dissolving
0.065 g of PLLA and 0.005 g of VCM in 0.5mL of HFIP. And
the shell solution was prepared by dissolving 0.03 g of RCSC
in 0.5mL of HFIP. For the blend nanofiber-VCM system, the
complex composed of PLLA (0.064 g), RCSC (0.03 g), and
VCM (0.005 g) was dissolved in HFIP (1mL) solutions.

All solutions were stirred in the magnetic stirrer for 6 h
before electrospinning. For the coaxial nanofibers, the RCSC
solutions and PLLA (VCM) solutions were transferred into
1mL plastic syringe with an 18-gauge outer needle of and
a 25-gauge inner needle of, respectively. The flow rates of

the RCSC and PLLA (VCM)were 1.2mL/h and 0.9mL/h. For
the blend uniaxial nanofibers, the blend RCSC/PLLA/VCM
solutions were transferred into 1mL plastic syringe with a 25-
gauge needle at a flow rate of 2.1mL/h. A clamp connected the
high voltage power supplier of 15 kV to the needle. A piece of
aluminum foil was placed at 125mmdirectly below the needle
to act as a collector.

2.3. Characterization of Nanofibers

2.3.1. Environmental Scanning Electron Microscope (ESEM).
The morphology of the electrospun nanofiber scaffolds
was observed by using an environment scanning electron
microscopy (ESEM) XL-30 ESEM (FEI, Co., Ltd., Ameri-
can) at an accelerating voltage of 15 kV after gold coating.
Based on the SEM micrographs, the nanofiber diameter was
determined by choosing 100 fibers at random from 5000x
magnification SEM images and image was analyzed by Nano
Measurer 1.2 (Fudan University, China).

2.3.2. Transmission Electron Microscopy (TEM). The core-
shell structure of the coaxial RCSC/PLLA nanofiber was
verified by transmission electron microscopy (TEM) S-
3400N TEM (HI TACHI, Japan) at accelerating of 110 kv.The
nanofiber was collected by the 400-mesh copper network.

2.3.3. Fourier Transform Infrared Spectra (FTIR). Fourier
transform infrared spectra (FTIR) studies were carried out
on compressed films containing KBr (200mg) and sam-
ples (10mg) using a FTIR spectrophotometer (IRTracer-100,
SHIMADZU). Spectra in the 400 to 4000 cm−1 range were
measured.

2.3.4. Differential Scanning Calorimeter (DSC). The thermal
behavior of electrospun PLLA and RCSC/PLLA nanofiber
membranes was tested by differential scanning calorimetry
(DSC) (821e, Mettler-Toledo, Germany) in the protection
of nitrogen gas with the flow rate of 100mL/min at room
temperature.The sample was about 2.5mg.The samples were
scanned at a heating rate of 10∘C/min within 25–200∘C. The
degree of crystallinity was obtained by using the following
equation:

𝑋
𝑐

% = 1

(1 − 𝑚
𝑓

)

[
Δ𝐻
𝑚

− Δ𝐻
𝑐

Δ𝐻
0

] × 100%, (1)

where Δ𝐻
𝑚

is the melting enthalpy, Δ𝐻
𝑐

is the cold crys-
tallization enthalpy, Δ𝐻

0

is the melting enthalpy of totally
crystallized PLLA, taken as 93 J/g, and (1 − 𝑚

𝑓

) is the weight
fraction of PLLA in the sample.

2.3.5. Water Contact Angle (WCA). The contact angle of
the scaffolds was investigated by using an angle contact
measurement XG-GAM at room temperature at 0 s, 5 s, and
10 s by pendant drop method. The contact angle between
the scaffolds and the pure water was measured. Before
the test, the scaffolds were cut into a square of 20mm ×
40mm.
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2.3.6.MechanicalMeasurements. A tabletop LLY-06ED tester
with a maximum strength length of 10mm was used to
determine the tensile properties of electrospun matrix at
ambient temperature with a speed of 5mm/min. Before the
mechanical tests, the electrospun RCSC/PLLA nanofibers
tubeswere first cut along the length direction into rectangular
specimens with a typical size of 50mm (lengthwise) × 5mm
(widthwise). The thickness of each specimen was measured
by micrometers with a precision of 0.001mm.

2.4. Release Behaviors. A testing machine UV-vis spec-
trophotometer (UV-2600 Co., Ltd., Japan) was employed
to measure the release behavior of VCM in the nanofiber
membrane. The nanofiber membranes with weight of 15mg
were placed into 30mL phosphate buffer solution and
incubated at 60 rpm at 37∘C in a thermostatically shaking
incubator. Aliquots of 1mL were retrieved in predetermined
time intervals and an equal volume of fresh PBS was added
to the suspension. The VCM concentration of each sample
was calculated using a standard curve, relating the quantity
of VCM with the intensity of light absorbance. Samples of
1mLwere taken at predefined time at 20min, 40min, 60min,
100min, 150min, 210min, 5 h, 7 h, 10 h, 22 h, 29 h, 36 h, 48 h,
54 h, 75 h, and 100 h, respectively. All experiments were done
in triplicate.

3. Results and Discussion

3.1. Morphology of Nanofibers. Figure 1 shows the SEM
micrographs and fiber diameter distributions of these four
electrospun scaffolds. All nanofibers showed continuous and
bead-free morphology. It is obvious that the nanofiber scaf-
folds exhibited uniform diameter distribution with ultrafine
nanofibers except the coaxial RCSC/PLLA nanofibers. The
average diameters of the blend and coaxial RCSC/PLLA
nanofibers are 583.4 ± 162.4 nm and 698.2 ± 195.0 nm while
the blend and coaxial RCSC/PLLA/VCM nanofibers are
551.8 ± 248.6 nm and 669.7 ± 192.6 nm. Coaxial nanofiber
has higher average diameters than the blend group which
may contribute to the different way of electrospinning. With
the addition of VCM, both the blend and coaxial nanofiber
diameter decreased and irregular fibers were clearly observed
in Figures 1(b1) and 1(d1). Some authors also found the
phenomenon that while the VCMwas adding to the polymer,
the diameter of the polymer decreased [22]. One explanation
of this phenomenon may be that the addition of VCM
decreases the continuity of the blend and probably affected
the mechanical properties of the nanofiber matrix. However,
we can also observe that, with the addition of VCM in Figures
1(b1) and 1(d1), the amount of surface roughness decreased.
This showed that the RCSC, PLLA, and VCM were dissolved
in HFIP uniformly without agglomeration.

TEM micrographs of the coaxial nanofibers were shown
in Figure 2. Both the coaxial RCSC/PLLA and VCM-loaded
coaxial RCSC/PLLA nanofibers showed obvious core-shell
structure and the nanofiber diameter decreased with the
addition of VCM in the core.

3.2. FTIR Spectroscopy. The FTIR spectrum is an effective
method to define the existence of the scaffolds component.
The FTIR spectra of the electrospun PLLA, RCSC, VCM,
and their blends nanofibers are shown in Figure 3. From
Figure 3(a), three characteristic peaks of RCSC at 1658 cm−1,
1537 cm−1, and 1261 cm−1 corresponded to amide I, amide
II, and amide III of the collagen, respectively [23]. Among
them, amide I band is caused by C–O stretching vibrations of
peptide linkages, amide II band is caused by the combination
of N–H in plane bending and C–N stretching vibrations, and
amide III band is caused by N–H bending vibration. Amide
I band is associated with the secondary structure of protein
and amide III band proved the triple-helical structure of the
collagen extracted. For the pure RCSC, a strong absorption
peak at 3334 cm−1 is caused by the stretching vibration of
N–H bond of amide A. For the pure PLLA nanofibers in
Figure 3(b), the strong characteristic absorption at 1759 cm−1
is attributed to the stretching vibration of C–O bond. VCM
FTIR spectra showed the characteristic peaks of functional
group COOH at 3387.38 cm−1, R–CH

2

–CH
3

at 2935.51 cm−1,
R–NH–R at 2842.19 cm−1, R–CO–NH

2

at 1632.81 cm−1, R–
O–R at 1093.52 cm−1, and R–NH

2

at 687.81 cm−1. These char-
acteristic absorption bands were also observed in the FTIR
spectra of blend and coaxial RCS/PLLA (VCM) nanofiber
membranes.

3.3. Thermal Behavior. DSC essays were conducted to study
the effects of RCSC and VCM on the crystallization behavior
of the scaffolds. DSC thermogram of pure PLLA, blend,
and coaxial RCSC/PLLA nanofiber membranes is shown in
Figure 4. Data of thermal properties of electrospun nanofiber
membranes is shown in Table 1. The glass-transition temper-
ature of blend and coaxial RCSC/PLLA nanofiber scaffolds
ranged from 85.58∘C to 97.31∘C. The melting point of the
pure PLLA scaffoldswas 180.3∘Cand cold crystallization tem-
perature is 81.72∘C. In addition, after mixing the nanofiber
mats with RCSC and VCM, the melting temperature is
reduced and the cold crystallization temperature increased.
The coaxial RCSC/PLLA scaffolds performed better crystal-
lization property with higher degree of crystallization (17.89%
and 17.24%) than the blend group (17.74% and 16.13%). The
blend and coaxial RCSC/PLLA nanofiber scaffolds had lower
degree of crystallinity (16.13%–17.89%) than the pure PLLA
(42.63%) which may contribute to the intermolecular forces
of the internal molecules in the blending and core-shell
structure. For the medicine carrying RCSC/PLLA nanofiber
scaffolds, the thermal properties were not distinct obviously
with the nonmedicineRCSC/PLLAnanofiber scaffoldswhich
indicated that the VCM has little effect on the thermal
behavior of the RCSC/PLLA nanofiber scaffolds.

3.4.Hydrophilic Analysis. Thecontact angle between the elec-
trospun scaffolds and the deionized water was measured to
determine the hydrophilicity of the nanofiber scaffolds. The
measured contact angle values and representative pictures
in 10 seconds of the nanofiber membranes were shown in
Figure 5. As seen in Figure 5(f), while the water contact angle
decreased to nearly zero for the nanofiber mats containing
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Figure 1: SEM micrographs and fiber diameter distribution of the four electrospun scaffolds: blend RCSC/PLLA (a1, a2), blend
RCSC/PLLA/VCM (b1, b2), coaxial RCSC/PLLA (c1, c2), and coaxial RCSC/PLLA (VCM) (d1, d2).
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Table 1: Thermal properties of electrospun nanofiber membranes.

Sample 𝑇
𝑔

(∘C)a 𝑇
𝑐

(∘C)b Δ𝐻
𝑐

(J/g)c 𝑇
𝑚

(∘C)d Δ𝐻
𝑚

(J/g)e 𝑋 (%)f

Blend RCSC/PLLA 85.58 92.44 5.27 174.21 10.22 17.74
Blend RCSC/PLLA/VCM 88.39 93.02 5.75 174.18 10.25 16.13
Coaxial RCSC/PLLA 97.31 100.71 4.84 177.35 9.83 17.89
Coaxial RCSC/PLLA (VCM) 96.10 100.73 4.69 176.70 9.50 17.24
Pure PLLA 60.53 81.72 12.66 180.3 52.31 42.63
aGlass-transition temperature; bcold crystallization temperature; ccold crystallization enthalpy; dmelting temperature; emelting enthalpy; fdegree of
crystallinity.

(a) (b)

Figure 2: TEMmicrographs of the electrospun nanofibers: (a) coaxial RCSC/PLLA; (b) coaxial RCSC/PLLA (VCM).
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Figure 3: FTIR spectra of different nanofiber membranes:
(a) RCSC; (b) PLLA; (c) VCM; (d) blend RCSC/PLLA; (e)
blend RCSC/PLLA/VCM; (f) coaxial RCSC/PLLA; (g) coaxial
RCSC/PLLA (VCM).

only RCSC after 5 seconds, indicating that the nanofiber
mats remain hydrophilic when the water droplet made a
surface contact, this significant change in water contact angle
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Figure 4: DSC thermograms of different nanofiber membranes:
(a) blend RCSC/PLLA; (b) blend RCSC/PLLA/VCM; (c) coaxial
RCSC/PLLA; (d) coaxial RCSC/PLLA (VCM); (e) pure PLLA.

is probably due to the poor morphological stability of RCSC
in water as it tends to collapse into a film [24]. However,
the contact angles of the pure PLLA and RCSC/PLLA
nanofiber mats are between 127.12∘ and 116.04∘, indicating
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Figure 5: Contact angles of nanofiber scaffolds in pure water: (a) PLLA; (b) blend RCSC/PLLA; (c) blend RCSC/PLLA/VCM; (d) coaxial
RCSC/PLLA; (e) coaxial RCSC/PLLA (VCM); (f) RCSC.

that the nanofiber membranes remain hydrophobic when
the water droplet made a surface contact. This may be
because the hydrophobic property of PLLA impacts more
than the hydrophilic property of RCSC, making the com-
posite RCSC/PLLA scaffolds perform hydrophobically [25].
Besides, the results demonstrated that the core-shell structure
is more obvious with hydrophobicity characteristic. Pure
PLLA nanofiber mats remain hydrophobic and show good
morphological stability, due to the presence of methyl group
in PLLAchemical structure and the lack of hydrophilic group.

3.5. Mechanical Properties. The typical stress-strain curves
and mechanical properties of different nanofiber mem-
branes were shown in Figure 6 and Table 2. Overall, the
coaxial nanofiber matrix had better Young’s modulus, ten-
sile strength, and yield stress while the blend nanofiber
matrix had better elongation at break. Non-VCM coaxial
RCSC/PLLA scaffolds exhibited the best mechanical proper-
ties maybe due to the supporting role of PLLA in the core.
With the addition of VCM, the mechanical property of coax-
ial nanofiber declined. The phenomenon may be explained
by the existence of the VCM. It has been documented that
the addition of low molecular drug had a “plasticizing” effect
on fibers [26]. Therefore, the mechanical properties of the
coaxial nanofibers decreased with the addition of VCM. For
the blend nanofiber matrix, the mechanical properties were
not distinct obviously. The result indicated that the coaxial
scaffold had better mechanical properties.
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Figure 6: Typical tensile strain-stress curves of different nanofiber
membranes: (a) blend RCSC/PLLA; (b) blend RCSC/PLLA/VCM;
(c) coaxial RCSC/PLLA; (d) coaxial RCSC/PLLA (VCM).

3.6. Drug Release. The release behaviors of VCM from the
nanofiber scaffolds were studied. As shown in Figure 7, the
VCM was almost completely released within 48 hours. Both
release curves exhibited high release during the first 10 hours,
followed by a more gradual and sustained release of VCM.
The cumulative release rate of blend RCSC/PLLA/VCM
was 97% and the coaxial RCSC/PLLA (VCM) was 80%.
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Table 2: Mechanical properties of different nanofiber membranes.

Sample Young’s modulus (MPa) Tensile strength (MPa) Elongation at break (%)
Blend RCSC/PLLA 35.86 ± 4.48 0.76 ± 0.12 12.55 ± 1.91

Blend RCSC/PLLA/VCM 25.04 ± 4.65 0.99 ± 0.09 15.67 ± 1.78

Coaxial RCSC/PLLA 109.04 ± 10.79 2.15 ± 0.39 6.32 ± 0.86

Coaxial RCSC/PLLA (VCM) 44.61 ± 11.57 1.24 ± 0.13 11.39 ± 2.04
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Figure 7: Drug release of VCM from nanofiber membranes: (a) blend RCSC/PLLA/VCM; (b) coaxial RCSC/PLLA (VCM).

The release rate of the coaxial RCSC/PLLA (VCM)was always
lower than the blend RCSC/PLLA (VCM) at any time which
indicated that VCM in nanofiber mats of core-shell structure
was released more slowly. This can be explained by the fact
that the surface of PLLA and RCSC blend acts as a barrier to
the VCM; thus the release rate decreases. The experimental
result indicated that the coaxial nanofiber might be better
drug carriers for its slow-release.

4. Conclusion

In this study, we made an environment-friendly use of waste
Rana chensinensis skin by extracting collagen from Rana
chensinensis skin and successfully fabricated four different
kinds of nanofiber mats. The SEM micrographs showed that
the nanofibers had continuous and bead-free morphology
and the addition of VCM decreased the nanofiber diameter.
FTIR spectroscopy approved that the substance we extracted
was collagen and the existence of RCSC, PLLA, or VCM in
the electrospun scaffolds. DSC test showed that the carrying
of VCM did not change the crystallinity of PLLA obviously.
Mechanical property testing indicated that the core-shell
structure nanofiber matrix is better in Young’s modulus and
yield stress as well as tensile strength. Both blend and coaxial
nanofiber matrix showed hydrophobic property while the
pure RCSC matrix showed hydrophobic property. Through
the drug release experiment, the cumulative release rate
of blend RCSC/PLLA/VCM scaffolds was 97% and that of
the coaxial RCSC/PLLA (VCM) scaffolds was 80% which

indicated that both the blend and coaxial nanofiber can
be drug carriers of VCM. Overall, the coaxial RCSC/PLLA
(VCM) electrospun nanofiber scaffold might be a good can-
didate for drug carriers for its better mechanical properties
along slow-release effect.
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Carbon nanotubes (CNTs) were fabricated in air using the electrical discharge machining method. The main parameters for this
process were substrate temperature, peak current (𝐼𝑝), and pulse duration (𝜏).The substrate was baked at 50∘C and this temperature
was maintained for 12 h under vacuum chamber; it was then cooled to room temperature and stored in vacuum for outgassing.
During single-pulse discharge in air, the substrate was heated from room temperature to the test temperatures (50 and 70∘C).
The results indicated that the length, density, and purity of CNTs grown on outgassed substrates were better than those of CNTs
grown without outgassing. Additionally, CNTs grown with 𝐼𝑝 = 3A and 𝜏 = 1200 𝜇s were of better quality than those grown with
other combinations of parameters. The size of the discharge pit was effectively reduced by 30% (80𝜇m). This finding may help in
controlling the amount of peak current used during the process, thereby reducing the problems of heat-affected zones and electrode
consumption. Consequently, there was substantial improvement in the zonal selectivity and reticular density of the CNTs grown
using the single-pulse discharge method.

1. Introduction

With improvements in applicability and processing technolo-
gies, recently various techniques for growing CNTs under
atmosphere have been successfully developed. According to
the literature [1–3], a peak current of 50–100A and the use
of special equipment or atmospheres are usually required
for these processes. Generally speaking, although a vacuum
chamber is not required, these processes are hindered by
many related restrictions, including the need for a cooling
system [4], the use of catalysts [5, 6], and continuous
provision of inert gases [7–9]. In addition, the resultant CNTs
are oftenmixed with cinders andmust be purified before they
can be used [10, 11]. In order to address the shortcomings
of the earlier processes and the issue of CNT purification, a
new concept for growing CNTs using a single-pulse discharge
method in air has been developed [12]. Recently, a reduced
amount of peak current was applied during single-pulse
discharge to make the discharge pits in this process as small
as possible, thereby increasing the density of pits. However,

after a low peak current pulse discharge in air, the kinetic
energy was not enough to promote the generation of carbon
nanotubes. Additionally, substrate outgassing and different
substrate temperatures directly affect the temperature gradi-
ent formed under low energy of single-pulse discharge; these
factors were investigated in this study to discuss the structural
changes and growth mechanism of CNTs. Therefore, the aim
of this study is to develop a simpler, safer, and more energy
efficient technique for growing CNTs having zonal selectivity.

2. Experimental

The single-pulse discharge device is a triaxial and multi-
functional composite step motor as shown in Figure 1. With
a control program and single-pulse electronic circuits, this
device has the flexibility to modulate both peak current
and pulse duration. At the same time, the discharge gap
between the poles can also be controlled through program
design and by feedback voltage values.The device can also be
used for general microdischarge machining, microdrilling,

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2016, Article ID 8373891, 7 pages
http://dx.doi.org/10.1155/2016/8373891

http://dx.doi.org/10.1155/2016/8373891


2 Journal of Nanomaterials

Position controller

DC power supply

Pulse generator

Substrate

Electrode

Step motor

Heater
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Figure 2: Schematic diagram of the growth of CNTs using single-pulse discharge.
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Figure 3: Discharge pit (𝐼𝑝 = 3A, 𝜏 = 1200 𝜇s, RT).

and single-pulse discharge machining. More importantly, it
becomes a growth device for CNTs when the pulse control
loop is modulated (Figure 2). A graphite rod having diameter
5mm and length 150mm, with the front tip grounded to
a conical shape at a 30∘, was used as the electrode for the
experiment. The graphite substrate used for the growth of
CNTs with zonal selectivity was placed directly on the 𝑋-𝑌
platform, without the use of a vacuum chamber or special
gases. After a single-pulse discharge, elliptical pits were cre-
ated on the substrate surface by the electric arc (Figure 3).The

Table 1: Physical properties of graphite.

Apparent density (g/cm3) 1.8
Open porosity (%) 8
Compressive strength (kg/cm2) 950
Thermal conductivity (kcal/m⋅hr⋅∘C) 100
Electric resistance (𝜇Ohm⋅cm) 1200
Graphite purity (%) 99.99

thickness and shape of the substrate do not affect the results of
CNT growth. Nevertheless, in order to facilitate examination
by field emission scanning electron microscopy (FE-SEM,
JEOL JSM-6701F), the substrates were standardized as 15 ×
15mm squares and then outgassed by bakeout at 50∘C for
12 h in a vacuum chamber. The graphite related parameters
are shown in Table 1. The main experimental parameters
were substrate temperature, peak current, and pulse duration.
The morphology and distribution of the resulting CNTs
were analyzed in order to understand the mechanism of
growth. The corresponding parameter settings are presented
in Table 2.



Journal of Nanomaterials 3

Table 2: Experimental parameters.

Parameters Value
Substrate temperature RT, 50∘C, 70∘C
Peak current (𝐼𝑝) 2 A, 3A
Pulse duration (𝜏) 1000𝜇s, 1200 𝜇s, 1400𝜇s

Environment In open air
Room temperature (RT)

Bakeout 50∘C, 12 hours

3. Results and Discussion

3.1. Analysis of CNT Morphology and Outgassing. It has been
reported by Inayoshi [13] that adsorption occurs when solid
materials come into contact with gas molecules in air and
that the adsorbed gas molecules are stored inside within
these materials. However, when the materials are placed in
a vacuum, heating causes the desorption of gas molecules
from the surface of solid materials, thereby affecting the
degree of vacuum of the environment. Following this prin-
ciple, the substrates were placed in a vacuum oven, prior
to pulsed discharge, and baked at 50∘C for 12 h under a
vacuum chamber. This heat treatment proactively enhanced
the outgassing property of the substrate, which effectively
improved the instantaneous but local vacuum formed by
single-pulse discharge in air. During pulsed discharge, the
substrate temperatures were set to room temperature (RT),
50∘C, and 70∘C in order to analyze the variations in CNT
growth.

The FE-SEM images of CNTs grown using the single-
pulse discharge method with various peak currents (𝐼𝑝 = 2
and 3A) and pulse durations (𝜏 = 1000, 1200, and 1400 𝜇s)
are shown in Figure 4. It can be seen that, without substrate
outgassing, the growth of CNTs became only slightly more
pronounced with 𝐼𝑝 = 3A and 𝜏 = 1400 𝜇s. However, with
outgassed substrates, CNTswere formedwith 𝐼𝑝 = 2A and 𝜏=
1000 𝜇s. Furthermore, for outgassed substrates, the CNTs
formed with 𝐼𝑝 = 3A have a long, thin, and highly dense
morphology. Their formability was also significantly better
than those grownwith the same current but without substrate
outgassing. Therefore, outgassing promotes the formation
of nucleation sites and provides sufficient momentum for
CNT growth. This was because heating the substrate at a low
temperature over a long period of time forcibly enhanced the
outgassing property of the materials, which helped improve
the degree of local vacuum during pulsed discharge and
maintained the temperature gradient, thereby creating a
conducive environment for the low-energy CNT growth
process.

After outgassing, the temperature of the substrate was set
to RT, 50∘C, and 70∘C prior to pulsed discharge. Pulsed dis-
charge was performed under different conditions, with 𝐼𝑝 =
3A and 𝜏 = 1000, 1200, and 1400 𝜇s. CNTs were successfully
grown with all combinations of parameters (Figure 5). It
was observed that CNTs grown using the substrate at RT
were superior to those grown at 50 and 70∘C, both in terms

of length and density. This difference arises because low-
energy pulsed discharge (𝐼𝑝 = 3A) only provides a limited
amount of carbon molecules. Even when the environment
has a higher temperature field during pulsed discharge, the
absence of a carbon source prevents the growth of longer
CNTs even with increased substrate temperatures. On the
other hand, the combination of high temperature (70∘C) and
high energy (𝐼𝑝 = 3A, 𝜏 = 1400 𝜇s) provided uncrystallized,
free carbon molecules having enough energy to adsorb onto
the outer walls of the CNTs, leading to an increase in the
amount of CNT amorphous carbon. When analyzed from
the perspective of nucleation sites, changing the substrate
temperature did not result in any significant difference in the
nucleation process or the number of nucleation sites.

Based on the aforementioned findings, it can be con-
cluded that substrate outgassing enhanced the formation of
ambience for CNT growth using single-pulse discharge in
air, and the peak current was effectively maintained below
3A. However, based on the experimental results, increasing
substrate temperature during the process did not lead to
continuous increase in CNT length but caused an increase
in the amount of CNT amorphous carbon. Figure 6 shows
the morphology of CNTs grown on a bakeout substrate
at RT using the pulsed discharge (𝐼𝑝 = 3A, 𝜏 = 1200𝜇s).
The length, diameter, and inner diameter of the CNTs
were approximately 3.5 𝜇m, 6.82 nm, and 1.8 nm. As can
be shown in the Raman spectrum in Figure 6, the higher
peaks represent the background values of the graphite itself.
Because of the small discharge pit diameter (only 100 𝜇m)
and the insufficient CNTs layer thickness, the manipulations
of spectrum scanning, sampling, and focusing (for searching
the target structures) are actually not easy. The proposed
manufacturing process of CNTs has the feature of arbitrary
selections of growing pits positions on a large substrate.
Different from conventional methods of CNT production in
batch, the density of the resulting CNTs in the pits is not
high. Thus, in the Raman spectrum, the peak intensity of
MWCNT is much lower than that of graphite (Figure 7).
TheMWCNTpeak, comparingwith the background graphite
peak, is suppressed numerically in the plot of the Raman
spectrum. However, one can still note an indicative intensity
peak at 1360 cm−1 that evidently reveals the structure of
the MWCNT (Multiwalled Carbon Nanotube). The HRTEM
images of these CNTs are shown in Figure 8. In contrast to
the substrate without baking, the CNTs outside are covered
with amorphous carbon (𝐼𝑝 = 5A, 𝜏 = 1200𝜇s), as shown in
Figure 9.

3.2. Analysis of Growth Mechanism. The growth of CNTs us-
ing the single-pulse discharge method in air can be divided
into three stages: (a) generation of nanoscale protrusions, (b)
nucleation, and (c) formation of CNTs, which can be better
understood with Figure 8. As seen in Figure 10(a), the action
of the electric field between the two poles caused explosions
at the tip of the electrode. The high temperature rapidly gasi-
fied the graphite into carbon molecules, forming nanoscale
protrusions at the bottom-most layer of the discharge pit.
Concurrently, the explosions led to the formation of gas
chambers within the discharge pit, which induced nucleation
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sites for CNT growth under the influence of the temperature
field, as shown in Figure 10(b). A sufficient amount of carbon
in the discharge pit and a favorable surrounding temperature
allowed the lattices to grow along the protrusions, forming
the body of the tubes (Figure 10(c)). The process continued
until the temperature field changes resulted in the loss of
adsorption kinetic energy, which terminated CNT growth.

The results of the study indicate that the important
factors affecting the formation of nucleation sites during
the process were the carbon sources generated by pulsed
discharge, the temperature field, and the vacuum cham-
ber. In addition, the discharge pit formed by the pulsed
discharge restricted the dissipation of carbon sources. This
minimized the impact of the external environment under
the atmosphere and prevented loss in the concentration and
momentum of the carbon sources. Figure 11 shows the 3D
laser scanning confocal microscope (VK-X200K) images of
the densest arrangement of discharge pits produced by low-
energy single-pulse discharge, wherein each discharge pit
has a diameter of 60–80 𝜇m and a depth of 30–40 𝜇m. The
discharge pits were filled with carbon nanotubes.

10nm

Figure 8: HRTEM images of CNTs (𝐼𝑝 = 3A, 𝜏 = 1200 𝜇s, RT).

10nm

Figure 9: HRTEM images of CNTs (𝐼𝑝 = 5A, 𝜏 = 1200 𝜇s, without
substrate bakeout).

4. Conclusion

In this study, the experimental results and analysis showed
that, during the low-energy CNTs growth process, substrate
outgassing could improve the degree of local vacuum of the
single-pulse discharge, effectively reduce the peak current,
and reduce the diameter of the discharge pit by about
30%. It was proved that substrate heating enhanced CNTs
growth. This was especially true for the low-energy pulsed
discharge process, where additional heat energywas provided
to accelerate CNTs growth, as well as the formation and
maintenance of the temperature field. In future attempts
at CNT growth using single-pulse discharge, even lower
energy levels should be used in the high-security operating
environment to obtain CNTs with higher quality and density,
such that CNTs with zonal selectivity and high-density dot-
matrix arrangements can be produced to meet application
requirements.
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Carbon nanomaterials such as carbon nanotubes, carbon nanofibers, and graphene are exploited extensively due to their unique
electrical, mechanical, and thermal properties and recently investigated for energy storage application (supercapacitor) due to
additional high specific surface area and chemical inertness properties. The supercapacitor is an energy storage device which, in
addition to long cycle life (one million), can give energy density higher than parallel plate capacitor and power density higher than
battery. In this paper, carbon nanomaterials and their composites are reviewed for prospective use as electrodes for supercapacitor.
Moreover, different physical and chemical treatments on these nanomaterials which can potentially enhance the capacitance are
also reviewed.

1. Introduction

One- and two-dimensional carbon nanomaterials such as
carbon nanotubes, carbon nanofibers, and graphene have
been exploited for a long time owing to their extraordinary
chemical, mechanical electrical, and thermal properties and
are therefore investigated extensively as thermal heat sink,
electrical interconnects [1], field emitter, high mechanical
strength composites [2], energy storage [3], and high fre-
quency applications [4]. The carbon nanomaterials also have
high specific surface area; the theoretical surface area of
closed tip CNTs and graphene is 1350m2/g and 2630m2/g,
due to high aspect ratio of CNTs and thin single layer of
graphene sheet, and they are therefore recently investigated
extensively as electrode materials for supercapacitor (SC)
because of proportionality of capacitance versus electrode
surface area given as [5, 6]

𝐶 ∝
𝐴

𝑑
. (1)

SC is a class of energy storage devices, whose technol-
ogy bridges the gap between conventional energy storage
technologies such as parallel plate capacitor and battery by

combining parts of their respective working mechanisms. In
SC, the electrodes are usually immersed in electrolyte like
a battery and charges from electrolyte and electrode accu-
mulate electrostatically at the electrode/electrolyte interface
like in parallel plate capacitor. The SC does not have any
dielectric; however, the two layers of charges are separated
by a monolayer (called Helmholtz layer) of solvent molecules
which is considerably thin (0.5–1 nm) resulting in high
capacitance [7].

The SC has outstanding features such as quick store/
release of energy, about one million charge/discharge life
cycles, and ecofriendliness. The power density of superca-
pacitor (100 kW/kg) is much higher than the conventional
battery; however, the energy density (10Wh/kg) is an order of
magnitude less than battery (100Wh/kg). The power density
(specific power) and energy density (specific energy) of
different energy storage/conversion technologies are given in
the Ragone plot; see Figure 1.

SC is predicted to have application in portable electronic,
hybrid vehicles, heavy machinery, airborne places, and even
in satellite. Moreover, SC can be helpful in enhancing the life
of existing batteries. In fact, the demand of high power pulses
from traditional batteries causes deterioration and shortens
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Figure 1: Specific energy and specific power plot of energy storage
and conversion devices.

the lifetime. However, on coupling it with SC, the life will be
increased by providing pulses from SC and the average power
by the battery [8]. Furthermore, existing SC with moderate
energy density can be used at place requiring high power for
short time such as to close a bus door, initial push to hybrid
bus, and quick response of backup energy source such as
uninterruptible power supply (UPS); however, the ambition
is to use supercapacitor as an independent source of energy
to drive buses by enhancing energy density further [9–11].

Supercapacitors are divided into two categories based on
their energy storage mechanism such as electric double-layer
capacitor (EDLC) and pseudocapacitor. In EDLC, the energy
is stored by the electrostatic adsorption of charges on the
surface of the electrodes similar to parallel plate capacitor.
In contrast, the energy in pseudocapacitor is stored by the
reversible Faradaic redox reaction taking place at the surface
of the electrodes. The fast charge transference in Faradaic
redox reactions than the chemical reaction in the battery
results in higher power density than battery and less than
EDLC. The electrostatic adsorption/desorption in EDLC is a
physical and very fast process resulting in high power density
as well as long life cycles unlike batteries which have lower
power density and shorter life cycle due to slow chemical
reaction and consumption of the electrode by the chemical
reactions.

The energy and power of supercapacitor are given in
(2); however, specific energy (energy density) and specific
power (power density) can be obtained by dividing (2) by
mass, footprint area, or volume of electrode materials. The
energy depends on the capacitance (𝐶) and operating voltage
(𝑉) window or cell voltage whereas the power depends on
internal resistance as well which is the sum of equivalent
series resistance (ESR) and charge transfer resistance (𝑅ct)
where ESR is the sum of electrode materials resistance, bulk
electrolyte resistance, and the contact resistance between
electrode and current collector [12]:

Energy = 𝐶𝑉
2

2
,

Power = 𝑉
2

4𝑅
.

(2)
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Figure 2: Working principle of supercapacitor.

The energy density is directly related to the surface area of the
electrodes materials which advocates carbon nanomaterials
as candidate for electrode due to high specific surface area.
However, the extraordinary electrical properties of the car-
bon nanomaterials contribute to reducing overall resistance
thus resulting in higher power density of supercapacitor. The
power density can be further increased by using electrolyte
with high electrical conductivity and larger operating voltage
window.The working principle of supercapacitor is shown in
Figure 2.

2. Electrolytes

The electrolyte is the main source of ions in the SC and it
also defines the cell voltage of SC. In fact, an electrolyte has a
particular voltage operatingwindow and it decomposeswhen
operated beyond this window creating gases in the SC. Beside
wide operating window, an electrolyte should have high
conductivity, low viscosity to access small pores, chemical
stability (should not react with the electrode material), easy
availability, and cost effectiveness. Different types of elec-
trolytes such as aqueous, organic, and ionic liquid electrolytes
are used and properties for typical examples are shown in
Table 1. The aqueous electrolytes are highly conductive with
smaller ions size which can penetrate inside small pores to
access maximum surface area; however, the operating voltage
window of these electrolytes is low around 1V which gives
low energy and power density. The low operating voltage of
aqueous electrolyte is limited due to the water decomposition
voltage of 1.23V [13]. In fact, the operating voltage window of
aqueous electrolyte is defined by the pHvalue.The commonly
used aqueous acidic and basic electrolytes such KOH and
H
2
SO
4
have high H+ and OH− concentration which limits

the voltage window [14]. However, the operating voltage can
be increased by using neutral electrolytes with low H+ and
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Table 1: Properties of different electrolytes [23].

Electrolyte Cost Toxicity Ion Ion size (nm) Pseudocapacitance

Aqueous Low Low K+ 0,26 Yes
HSO
4

− 0,37

Organic Medium/high Medium/high

Et
4
N+⋅9ACN (solvated) 1.30

NoEt
4
N+⋅9ACN (bare cation) 0,67
BF
4
⋅9ACN (solvated) 1.16

BF
4
⋅9ACN (bare cation) 0,48

Ionic liquids High Low EMI+ 0,76 × 0,43 No
TFSI 0,8 × 0,3

OH− concentration and also by appropriate doping of the
electrode. In fact, the hydrogen gets stored into the defect
domains of electrode materials and results in lower water
decomposition voltage [15].The voltage window ofmore than
1.6 V from aqueous Na

2
SO
4
electrolyte is obtained by doping

carbon electrode with oxygen [16, 17]. Even a high operating
voltage of 2.4V is obtained by nitrogen doping of carbon
based electrode [14].

The organic electrolytes have higher operating window
than the aqueous electrolyte from 2.4–2.8V. However, they
have low conductivity and larger ion size.The larger ions can-
not penetrate inside small pores causing a loss in surface areas
resulting in low capacitance; however, the low conductivity
causes power loss.

Ionic liquids (ILs) electrolytes have high operating voltage
window (3.7 V) and ions size smaller than organic electrolyte
resulting in even higher energy density. The ILs can function
in wide range of temperature because of the absence of the
solvent. The eutectic mixture of ILs has been shown to work
both at very low temperature (−50∘C) and high temperature
(80∘C) [18]. The ionic liquids electrolytes are expected to
fulfill the increasing demands of the supercapacitor industry.

The aqueous electrolytes are a suitable choice for micro-
porous electrodes. However, by optimizing the pores sizes,
electrolytes with larger operating voltage can enhance the
energy density. The energy density of mesoporous carbon
nanofiber is about 16–21Wh kg−1 in aqueous electrolyte and
can be increased to 58.75Wh kg−1 in organic electrolyte after
optimizing pore size [19].

3. Chemical Vapor Deposition

Chemical vapor deposition (CVD) technique is the most
frequently used due to low temperature, controlled location,
and also vertically aligned growth of carbon nanotubes/
nanofibers. The controlled growth location feature attracted
the industry for field emitter display, interconnects, thermal
interfacematerials, and AFM tips applications.The growth of
CNTs requires transitionmetal catalyst to be patterned on the
substrate for controlled growth of CNTs.

During the CVD growth, carbon containing gases
decomposes into carbon precursors which adsorb on catalyst
surface, diffuse into or along the surface of the catalyst, satu-
rate catalyst, and finally precipitate as carbon nanotubes. The
schematic diagram of growth of carbon structures is shown

in Figure 3. Two types of CVD processes are used depending
on the source of energy such as thermal CVD and plasma
CVD.The heat is the main source of energy in thermal CVD
for growth. The substrate with patterned catalyst is heated to
growth temperature to activate catalyst and also to dissociate
the carbon containing gases on the catalyst. Thermal CVD is
now a primarymethod for the growth of bundles of vertically
aligned CNTs at around 700∘C.

In plasma enhanced CVD (PECVD), the additional
energy is provided by plasma along with thermal energy
which helps to reduce the overall growth temperature.
PECVD is subdivided into further types depending on the
type of plasma used and named after the type of plasma such
as such as microwave (MW-PECVD), radio frequency (rf-
PECVD), and direct current (DC-PECVD). PECVD is used
to grow both CNFs and CNTs; however, CNFs are frequently
grown. Among all PECVD techniques, DC-PECVD is used
to grow vertically aligned carbon nanofibers (VACNFs).
Single VACNFs or bundle of VACNFs can be grown using
this technique where the vertical alignment is provided by
the electric field between CNFs and anode. VACNFs can
be grown at CMOS (390∘C) compatible temperature for
on-chip application such as on-chip capacitor and on-chip
interconnects [1, 3].

4. Electrospinning

Electrospinning is used to make nonwoven web of polymer
carbon fibers using viscoelastic properties of polymers.
It has received wide interest from both academia and
industry due to versatility, cost effectiveness, and simplicity.
For electrospinning, a syringe is filled with polymer which
is ejected from the needle of the syringe with certain volume
rate. High positive voltage 10–30 kV is applied to polymer
with respect to grounded collector and the positive voltage
creates ions in the droplet coming from syringe needle.
When the electrostatic field overcomes the surface tension of
the polymer droplet, the polymer gets elongated having few
micron diameter and is deposited on the collector. The field
is adjusted to critical field, for certain viscosity of polymer,
to keep the certain critical chain entanglement to make
fibers, however, higher than critical field causes spitting of
polymer and lower field causes beading in the fibers [21].The
flexibility of the method not only makes polymer fibers but
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Figure 4: Schematic diagram of (a) single-walled and (b) multiwalled carbon nanotubes and (c) carbon nanofibers.

also can be used to make composite by immersing carbon
nanomaterials in polymers [22].

5. Electrode Materials for Supercapacitor

Different types of materials such as activated carbon, tem-
plated carbon, carbon nanotubes, carbon nanofiber, gra-
phene, carbon nanomaterials composites, and carbon-metal
oxides composites are used as electrode for supercapacitor.
However, one- and two-dimensional carbon nanostructures
such as carbon nanotubes, carbon nanofibers, graphene, and
their composite are focused on here.

5.1. Carbon Nanotubes. Carbon nanotubes are formed by
rolling up of one or more than one graphene sheets into

concentric cylinder inwhich the graphene sheet runs through
the whole length of carbon nanotube as shown in Figure 4.
They are extraordinary materials with excellent thermal,
mechanical, and electrical properties. The thermal conduc-
tivity of CNTs along the axis (about 3500W/mK at room
temperature) is eight times higher than copper [70] and can
carry electric current density three times higher than copper
[71]. Mechanically strong CNTs have Young’s moduli and
tensile strength of 1 TPa and 63GPa, respectively, many times
higher than steel [72]. Because of these properties, carbon
nanotubes are studies for many types of applications such as
field effect transistors [73–76], interconnects [77, 78], chem-
ical sensors [79], and gas [80] sensors and also as thermal
interfacematerials [81]. In addition, CNTs also have very high
aspect ratiowith diameter ranging from 1 to 20 nmand length
up to few centimeters thus providing high surface area [82]
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which makes it an interesting material for hydrogen storage
and supercapacitors [83]. Carbon nanotubes are made using
arc discharge method, laser ablation, and chemical vapor
deposition. Arc discharge and laser ablation produced higher
quality CNTs at high temperature (>1000∘C) and were there-
fore the core choices to study the fundamental properties
of CNTs. However, they have drawbacks of requiring costly
purificationmethods, lacking the control on growth location,
and of course very high growth temperature [84–87].

CVD is the frequently usedmethodnowadays resulting in
a variety of CNTs that can be achieved, such as single-walled,
double-walled, and multiwalled CNTs, controlled location,
and vertically aligned, lying down, short and long, cheap,
and quick growth. Recently, bundles of vertically aligned
carbon nanotubes are grown at controlled location on silicon
substrate using thermal CVD at 700∘C in 3 minutes for
waveguide application [88]. Catalyst is required to growCNTs
which is either deposited on the substrate or floated in the
gases. Floating catalyst CVDmethod can fulfill the industrial
demand because of its ability of economical mass production
and controlled structured growth of CNTs [89]. In this
process, the catalyst and carbon source such as ferrocene
and ethanol are mixed with certain ratio and introduced
in the chamber with certain pumping rate. Long ropes of
both single-walled and multiwalled carbon nanotubes are
obtained. The CNTs ropes of length 5 cm to 6 ft are made by
floating catalyst [90, 91].

Long CNTs can also be grown in short time by intro-
ducing water in thermal CVD. CNTs of length 2.5 to 7mm
are grown in 10 minutes to 2 hours using WA-TCVD [92–
94]. The growth time however is very long but can be
shortened by optimizing the parameters further. The thumb
rule behind the very long CNTs growth is to keep the catalyst
active. The activity of catalyst reduces by the deposition of
amorphous carbon. The water vapors hinder the amorphous
carbon deposition on the catalyst and keep the catalyst active
for longer time. In addition, CNTS grown by WA-TCVD
also have high aspect ratio, purity, improved wall structure,
alignment, higher growth rate, and longer height [95]. Longer
CNTs can be grown by optimizing the growth parameters
even without using water. 9mm long CNTs were also grown
by optimizing catalyst reduction time with hydrogen. The
mixture of helium and hydrogen and C

2
H
4
was used to grow

CNTs at 750∘C temperature for 10 hours.
The extraordinary properties of CNTs and especially their

high surface area make them efficient electrode materials for
energy storage purpose. CNTs have narrow distribution of
pores due to vertical alignment and most of the surface area
is due to the mesopores which help the electrolyte to access
all available surface areas. Mesopores also provide the liberty
to use electrolytes independent of molecular size.

The carbon nanotubes were used as electrode by using
chemically stable binder which does not dissolve in the
electrolyte and keep CNTs together but offers less specific
surface area because of micropores closing and extra weight
of binder. The electrode made fromMWCNTs and SWCNTs
with PTFE and PVDF binder give surface area of 100 and
130m2/g [96, 97]. Similarly, Picó et al. used the arc discharge
grown SWCNTs with surface area 236m2/g and bound them

using PVDF binder and got a specific capacitance of 30 F/g in
6M KOH electrolyte [29]. The pore size plays an important
role in the specific capacitance and the micropores (<2 nm)
enhance the surface area and thus capacitance. The aqueous
electrolytes can penetrate in the micropores of certain size;
however, they cannot penetrate in smaller micropores. In
order to utilize the maximum of surface area for capacitance,
the ion size of electrolyte should fit in maximum range
of pore distribution in electrode thus resulting in limited
options of electrolyte; nevertheless, mesopores of vertically
aligned carbon nanotubes (VACNTs) provide the solutions
of pores related problem. Vertical alignment allows the usage
of organic electrolytes having larger ion size but with higher
operating voltage window resulting in higher energy and
power density. The alignment helps to ease the diffusion of
electrolyte to access all the pores of electrode to enhance
capacitance and hence power density by reducing resistance
(𝑅).

TheCNTs can be directly grown or transferred on the cur-
rent collector which provide good electrical contact between
CNTs and current collector. VACNTs were directly grown on
silicon chip and a specific capacitance of 47 F/g was obtained
in 1M KOH [98]. Furthermore, VAMWCNTs were grown on
silicon substrate and later transferred on double sided tape
after gold coating which gave specific capacitance of 440 F/g
in ionic liquid electrolyte ([EMIM][Tf

2
N]). High energy

and power density of 148Wh/kg and 315 kW/kg were also
obtained due to larger voltage window of the electrolyte [40].
Since 2/3 of the produced CNTs are semiconducting when
grown as bundle, CNTs have limited electrical conductivity
and thus poor energy storage performance. Nevertheless,
mesopores help conformal coating of CNTs, which enhance
the electrical performance of electrode. The CNTs were
coated with titanium nitride and areal specific capacitance of
81mF/cm2 was obtained in 0.5M H

2
SO
4
electrolyte which

is 5 times the areal specific capacitance of bare carbon
nanotubes (14mF/cm2) andmany folds higher than bare TiN
(0.2mF/cm2) [99]. Furthermore, supercapacitors are also
investigated for ac line filtering which can filter the signals
below certain frequency. High conductivity and mesoporos-
ity of electrode can give high areal specific capacitance at high
frequency. SWCNTs films were obtained from chlorosulfonic
acid dispersion and put on gold coated stainless steel. The
areal specific capacitance of 601𝜇F/cm2 is obtained at 120Hz
with phase angle −81∘ and retained 98% of capacitance
after one million cycles [100]. Again, SWCNTs are used
with organic electrolyte [1M TEABF

4
] with 2.5 V operating

window and got the areal specific capacitance of 282𝜇F/cm2
at 120Hz for 298 nm thick CNTs film. It is shown that the
capacitance increases with the increase in film thickness from
53 to 298 nm and decreases with further increase in film
thickness due to increase in the pore length [101].

Moreover, solid state capacitors were also fabricated
which can be used even at higher frequency. CNTs are
conformally coated with Al

2
O
3
dielectric and top metal

deposition. The volumetric specific capacitance of 𝐶 =
23mF/cm3 at 20Hz and 𝐶 = 6mF/cm3 at 100–20 kHz is
obtained [30]. SCs are made even for higher frequency by
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conformal coating of MWCNTs with Al
2
O
3
dielectric and

TiN using atomic layer deposition technique and achieved
the areal specific capacitance of 25 nFmm−2 with operating
frequency up to 1MHz [102].

The surface area and conductivity of CNTs can be
improved using different treatments such as activation, func-
tionalization, doping, and opening of tips and side walls.
The area of as-grown SWCNTs increased from 1300m2/g
(theoretical surface 1350m2/g) to 2240m2/g by opening the
tips and side walls using heat treatment in dry air at 525∘C.
The surface area obtained was close to theoretical surface
area with inner surface area 1180m2/g and outer surface
area 1060m2/g. The specific capacitance and energy density
increased to 114 F/g and 24.7 wh/kg as compared to as-grown
CNTs (73 F/g and 16Wh/kg) [5]. However, to havemaximum
capacitance, the windows size of side walls should be opti-
mized to size of ion in the electrolyte.

In addition to tip opening, the surface area can be
increased by the activation process, which can be done by
physical and chemical treatment of CNTs. Frackowiak et al.
grew two types of MWCNTS by (a) Co supported on silica
and (b) Co solution and then removed the tip by treating with
themixture of hydrochloric acid and nitric acid and activated
them with KOH at 800∘C temperature under argon flow.The
surface area of the MWCNTs on silica substrate increased
more than two times (from 430m2/g to 1035m2/g) whereas
the surface area from Co solution increased 4 times (from
220m2/g to 885m2/g). The specific capacitance increased
5 times after activation (from 10–15 F/g to 90 F/g in KOH
electrolyte) [39].

The specific capacitance was also increased by introduc-
ing some pseudocapacitance in the CNTs based electrode
and this was done by functionalizing the CNTs with an
oxygenated group or by nitrogen doping; however, the power
density decreased due to a slow redox reaction at the surface.
VASWCNTs grown on carbon paper were oxidized by elec-
trochemical method in HNO

3
and the specific capacitance

increased from 75 F/g to 158 F/g in an ionic liquid elec-
trolyte; however, power density decreased from 987 kW/kg to
563W/kg [36].

Moreover, the specific capacitance of 440 F/g with a high
energy density of 148Wh/kg is obtained by opening tips
and oxidizing VAMWCNTs using oxygen plasma [40]. The
plasma treatments have many positive impacts on CNTs for
energy storage such as opening the walls, functionalization,
and of course making these structures more hydrophilic
because of functionalization. Recently, MWCNTs were
functionalized with two types of plasma: (a) microwave
plasma, in addition to heat treatment at 500∘C in air, and
(b) RF oxygen plasma treatment. The contact angle of
droplet of 1M Na

2
SO
4
aqueous solution decreased from

113.84∘ to 36.48∘ and 19.87∘ for microwave and RF plasma
treatedMWCNTs illustrating the hydrophilic properties after
plasma treatment. The increase in value of 𝐼

𝐷
/𝐼
𝐺
and AFM

proved the existence of window in the walls as well where
𝐼
𝐷
and 𝐼

𝐺
are the Raman peaks intensities of defects and

graphitization in graphitic materials and their ratio describes
the roughness in the graphitic materials. Substantial increase
specific capacitances from 61.5 F/g to 214 F/g and 238 F/g

were obtained [38]. Nevertheless, the specific capacitances of
CNTs based supercapacitors are summarised in Table 2.

5.2. Carbon Nanofibers. Carbon nanofibers (CNF) are fabri-
cated inmanyways; however, hereCNFsmade from chemical
vapor deposition (CVD) and electrospinning are discussed.
CVDgrownCNFs aremade by curved graphite layers stacked
on top of each other forming cup or cone shaped layers. The
stacked cone and cup structures are named as herringbone
and bamboo type CNFs having an angle between the CNF
axis and graphite walls as shown in Figure 4(c). A weak
interplane van derWaals binding between conesmakes CNFs
weaker than CNTs. Depending on CVD growth technique
and measurement method, the CNFs have different proper-
ties which are given in Table 3.

CNFs fabricated by electrospinningmethod are core-shell
structures and are in the form of nonwoven mats. These are
extensively investigated as electrodes for supercapacitor due
to their high specific surface area and ease of production.The
nonwoven mats eliminate the use of binder which not only
reduce the surface area but also increase the dead weight.

Different elastoviscous polymers such polyacrylonitrile
(PAN), polybenzimidazole (PBI), poly(amic acid) (PAA),
cellulose (CA) [103], and polyvinylpyrrolidone (PVP) [104]
are used to make CNFs.

The electrospun CNFs still do not have enough specific
surface area and thus have low capacitance; however, an
activation process can be conducted to increase the surface
area. The pristine electrospun CNFs from poly(amide imide)
(PAI) have low specific surface area of 240m2/g and thus low
specific capacitance of 30 F/g and upon activation at 800∘C
for 1 h in pure carbon dioxide atmosphere the specific surface
area increases to 1360m2/g resulting in specific capacitance
of 196 F/g in KOH electrolyte [45]. Similarly, upon activation
of PAN based CNFs using 30 vol% steam in N

2
at 700∘C,

1230m2/g specific surface area is obtained giving 175 F/g
specific capacitance [41]. The PAN based CNFs have specific
surface area 850m2/g at 800∘C which is smaller than the
PAI based CNFs made at the same temperature because the
micropores in PAN based CNFs turn into mesopores in this
atmosphere causing the reduction in surface area.

The surface area can also be increased by using sacrificial
polymers which decompose during fabrication process but
create pores in the CNFs. The sacrificial polymer is elec-
trospun along with carbon source polymer such as PAN
and, upon carbonization, the sacrificial layer will decompose
creating pores in the CNFs. The sacrificial layer removes
the extra activation step. The weight ratio of these sacrificial
polymers also plays an important role and gives maximum
surface area at particular weight ratio. Pitch was used as
sacrificial polymer and electrospun with PAN (PAN/Pitch
7/3 wt.% (Pitch concentration in THF = 20)) and carbonized
at 1000∘C. The specific surface area 966.3m2/g was obtained
which is twice as the area of PAN-CNFs (502m2/g). The
specific capacitance from PAN/Pitch CNFs was 130 F/g and
however the energy and power density were 15Wh/kg and
100 kW/kg. The maximum capacitance was obtained at Pitch
concentration of 20wt.% in Tetrahydrofuran (THF) which
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Table 3: Typical properties of carbon nanofibers grown by CVD
[20].

Parameter Typical values
Diameter 1–100 nm
Length 0.1–100 𝜇m
Fill factor when grown as films 5–80%
Density <2 g/cm3

Thermal expansion coefficient (CTE) ∼10−6/K–10−7/K
Young modulus 80–800GPa
Electrical resistivity 0.1 𝜇Ω⋅m–2mΩ⋅m
Thermal conductivity 20–3000W/m⋅K

Temperature tolerance >1000C without oxygen,
>400C with oxygen

is an organic liquid [47]. Similarly, polymethylhydrosiloxane
(PMHS) was used as sacrificial polymer with PAN in an
organic liquid named Dimethylformamide (DMF). The spe-
cific surface area and capacitance were 302m2/g and 126 F/g
in 6M KOH electrolyte. The cyclic voltammograms were
fairly rectangular showing the complete decomposition of the
polymer. High energy density of 10–17Wh/kg was obtained
at high power density of 0.4–20 kW/kg [46]. The pore size
can also be controlled by controlling the concentration of
sacrificial polymers. Nafion was used as sacrificial polymers
for mixtures 60 and 80wt.% with PAN. The specific surface
area of 1614m2/g was obtained for 60wt.% which is four
times higher than the SSA of only PAN carbon nanofibers;
however, lower surface area of 1499m2/g was obtained for
80wt.%. The mesopore volume (0.810 cm3/g), cumulative
pore volume (1.336 cm3/g), and pore size (4.69 nm) were
higher but the micropores volume was lower than 60wt.%.
Most of the surface area can be accessed due to larger pore
diameter.Thehigher pore volume is due to the higher amount
of nafion available for decomposition creating more surface
area. The cyclic voltammograms are rectangular even at high
scan rate of 2V/s showing electric double-layer capacitor
(EDLC) behavior. The specific capacitances of 210 F/g and
190 F/g were obtained and quite reasonable energy density of
4Wh/kg is obtained at high power density of 20 kW/kg [50].

Another method to enhance the specific capacitance is
the surface modification of the electrode materials which is
done by doping with different materials. Nitrogen, oxygen,
phosphorous, and boron are used for doping.Thedoping pro-
vides redox reactions, which increase the specific capacitance
with some compromise on the power density and lifetime
because of slower reaction. Other benefits of doping include
the increase in the wettability of electrode material which
enhances ion transfer efficiency and the increase in ionic
conductivity of materials which decreases IR drop which is
the sharp drop in the initial voltage upon discharge due to
internal resistance. Yang et al. showed that, with appropriate
doping of 3D PAN carbon nanoporous, the resistance can
go down from 6.98Ω to 0.58Ω [105]. Moreover, CNFs@Ppy
were carbonized under nitrogen atmosphere at different
temperatures such as 500 to 1100∘Cwhich resulted in nitrogen

doped CNFs. The maximum SSA 348m2/g by carbonization
and doping at 900∘C was still low but the specific capacitance
was 202 F/g which is close to the specific capacitance of
activated CNFs with specific surface area of 1500m2/g [51].
PAN based CNFs were carbonized in nitrogen atmosphere
and doped using oxygen plasma. The contact angle on
pristine CNFs about 129∘ changed to complete wetting. The
SSAof pristine and 6-minute plasma treatmentwas very close
to 247m2/g and 274m2/g; however, the specific capacitance of
doped CNFs (377 F/g) was twice as pristine CNFs (167 F/g ).

CVD grown CNFs are exclusive in many aspects because
they can be grown vertically aligned at different temperatures
and controlled location and as an individual fiber or in
the form of the film. Their shape, diameter, length, and
electrical and mechanical properties can be controlled by
the growth conditions and using different metal schemes
[106]. The CNFs have the potential to deliver new nanoscale
applications and alternate solutions and to cope with future
challenges such as NEMs [107], bio sensors [108], intercon-
nects [109], and supercapacitors.

The vertically aligned carbon nanofibers can be grown
directly on any kind of substrate by the CVD method. The
direct growth on substrate provides metallic contact between
substrate and carbon nanofibers which can potentially reduce
the equivalent series resistance (ESR) in the supercapacitor.
The vertical alignment of CNFs offers the whole surface of
CNFs accessible to electrolyte. By this growth technique the
CNFs can be grown directly on electrospun CNFs to make
composites for further enhancement of the surface area of
the electrode alongwith good electrical contact between both
kinds of CNFs as well.These carbon nanofibers can be grown
on silicon chips at CMOS compatible temperature (390∘C)
creating the possibility to fabricate supercapacitor directly on
the chip which can be used as decoupling capacitor and ac-
bypass capacitor and even to power up of on-chip MEMs
devices. Vertically aligned CNFs were grown on silicon chip
and the areal specific capacitance of about 5.5mF/cm2 was
obtained [3, 110]. Nevertheless, the supercapacitors properties
based on CNFs electrodes are summarised in Table 4.

5.3. Graphene. Graphene is a two-dimensional material with
one atom thick planer sheet of carbon in which atoms are
arranged in honeycomb lattice. It is a promising candidate as
an electrode for supercapacitor due to high carrier mobility
(2 × 105 cm2V−1 S−1), excellent mechanical properties, and
high surface area [111–113]. The theoretical surface area of
graphene can be 2630m2/g, which can in principle give very
high specific capacitance of about 550 F/g [6, 114]. How-
ever, postprocessing produces restacking, agglomeration, and
damaging of graphene sheets which results in the reduction
of surface area and charge mobility of graphene sheet. The
measured surface area is lower, ranging from 925m2/g to
705m2/g and even drops to 46m2/g by agglomeration of
graphene sheet, which results in low specific capacitance
100 F/g and even lower 6 F/g [54, 55]. Nevertheless, by
preventing the agglomeration of graphene sheet, high surface
area can be achieved. El-Kady et al. prevented the agglom-
eration of graphene sheet by reducing the graphene oxide
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Table 4: Carbon nanofibers as electrode for supercapacitors.

Ref Material type Growth process Electrolyte Specific surface area Specific
capacitance

Energy and
power density

[41]
CNFs.
PAN in DMF
Activated in steam

Electrospun KOH
(0.9V)

1230m2/g
Micropores 64% 175 F/g

[42]

ACFF 1M H
2
SO
4

(0.75V) 134m2/g 146 F/g
10.9𝜇F/cm2

CNFs on ACFF CVD
1M H

2
SO
4

0.8V 784m2/g
117 F/g

14.9 𝜇F/cm2

0.8M TEABF
4

2V
34 F/g

4.3 𝜇F/cm2

[43]

CNFs
mesoporous and
sidewalls openings

Template
method 1M KOH (1.1 V)

1424m2/g.
Micropore vol.
327 cm3/g

152 F/

1M LiClO
4
in

EC/DEC (1 : 1) 70 F/g

[44] CNFs
on 3D nickel TCVD 2MLi

2
SO
4
salt. SSA 500 g/m2

1.2 F/cm2.
89.8% after 3000

cycles
2.4 ohm

[45]

CNFs
PAI + DMF

Electrospun
1 M H

2
SO
4
, (1 V) 240m2/g 30 F g−1

Activated- CNF 6MKOH 1250m2/g
Pore size 4–6 nm.

150 F/g
196 F/g

[46]
CNFs
PAN + (PMHS) in
DMF

Electrospun 6MKOH (1V) 302m2/g 127 F/g, 10–17Wh/kg
0.4–20 kW/kg

[47]

PAN based CNFs

Electrospun.

6MKOH (1V).
502m2/g, pore vol.
0.1654 cm3/g, pore

size. 17 nm
60 F g−1 6–2wh/kg

0.1–40 kW/kg.

PAN/pitch base CNFs
966.3m2/g, pore vol.:
0.379 cm3/g, pore
size: 1.573 nm

130.7 F g−1 15.0Wh/kg
100 kW/kg.

[48] CNFs
On CF/Fe WA-TCVD 0.5M Na

2
SO
4
(0.7 V) 142 F/g

[49]
CNFs
(PS-b-PEO) + resol
opening on walls.

Template
643m2/g.

Pore vol. 0.157m3/g
Pore size 2.32 nm

172 F/g

[50]

PAN based CNFs

Electrospun 0.5MK
2
SO
4
(1 V)

339m2/g
Mesopores
0.128 cm3/g

20 F/g,.

CNFs
PAN + nafion

1499 m2/g
Mesopores
1.336 cm3/g

Pore size. 4.69 nm

210 F/g 4Wh/kg at
20 kW/kg.

Doping

[51] CNFs@Ppy Annealed
at 900∘C Template.

562m2/s.
Pore volume.
0.51 cm3/g.

Pore size. 3.65 nm

202 F/g.

7.11Wh/kg
7-8 kW/kg

Max. 98 kW/kg
0.14Ω ESR

[52]

CNFs
Bacterial cellulose
N, P-codoped 2MH

2
SO
4
(1 V)

289m2/g
Pore vol.: 0.101 cm3/g
Pore size: 2.21 nm

205 F/g
Stable up 4000

cycles.

7.76Wh/kg.
186 kW/kg.
ESR < 1Ω.

B, P doped
512m2/g

Pore vol.: 0.1735 cm3/g
Pore size: 3.64 nm

200 F/g



Journal of Nanomaterials 11

Table 4: Continued.

Ref Material type Growth process Electrolyte Specific surface area Specific
capacitance

Energy and
power density

[53]

CNFs
PAN + DEF

Electrospun 2MKOH (1V).

247m2/g
Pore volume
0.167 cm3/g
Micropores
0.085 cm3/g
Mesopores
0.082 cm3/g

167 F/g
129∘ wetting

angle

Oxygen plasma
treatment

274m2/g
Pore volume
0.181 cm3/g
Micropore
0.099 cm3/g
Mesopores
0.082 cm3/g

377 F/g
Complete
wetting

[12]

CNFs,
PANI on PAN
N
2
doped Electrospun

1MH
2
SO
4

410m2/g

335 F/g
86% after 10000

cycles

9.2Wh/kg
5.8 kW/kg.
4Ω ESR.

Gel electrolyte
260 F/g

0.35 F/cm2
4 F/cm3

with laser light by using LightScribe CD/DVD optical drive.
High surface area of about 1520m2/g was obtained and,
however, high specific capacitance of 276 F/g was obtained
in EMIMBF4 electrolyte with 4V scan range. Furthermore,
the rate capability of this graphene based capacitor was very
high which retained more the 50% area specific capacitance
when discharge current density was increased from 1A/g
to 1000A/g [6]. Graphene based carbon spheres contain-
ing both macro- and mesopores were made. The surface
area 3290m2/g higher than theoretical surface area of the
graphene was obtained but the specific capacitance was still
low (174 F/g); nevertheless, the energy density (74Wh/kg)
and power density (338 kW/kg) were very high due to pres-
ence of mesopores [56]. To further improve the utilization of
the surface area of graphene sheets, the spacers were intro-
duced between the graphene layers. The spacer will however
increase the volume and the weight of the electrode but it
will make the whole surface accessible to the electrolyte and
also absence ofmicropores will result in increase in the power
density.The specific capacitance of 273 F/g was obtained with
ionic liquid functioning as both electrolyte and spacer. High
energy (150Wh/kg) and power density (776 kW/kg) were
obtained [58, 59]. Nevertheless, the supercapacitors’ proper-
ties based on graphene electrodes are summarised in Table 5.

5.4. Carbon Nanomaterials Composites. The use of carbon
nanostructures composites is also investigated as electrode
material by increasing the conductivity and accessible surface
area. However, the composites of CNTs, CNFs, and graphene
are focused here.

The CNTs are the materials with extraordinary electrical
properties and can be used tomake composite with enhanced
electrical conductivity. The high conductivity helped easy
charge transfer between pores and surface. The composites

of CNTs and PAN nanofibers were made by electrospinning
CNTs with PAN followed by carbonization and activation in
hydroperoxide at 700∘C. The conductivity of the composite
(5.32 S cm−1) was higher than only PAN-CNFs (0.86 S cm−1).
The specific surface area and specific micropores volume of
composite (810m2/g) (0.135 cm3/g) were lower than PAN-
CNFs (930m2/g) (0.230 cm3/g) but the mesopores vol-
ume of the composite was higher (0.159 cm3/g) than PAN-
CNFs (0.146 cm3/g). Higher accessible SSA of the composite
resulted in higher specific capacitance (310 F/g) than PAN-
CNFs (169 F/g). The high mesopores volume also gave high
rate capability (90%) when discharge current density was
increased from 100 to 1000mA/g [61]. Similarly, PAN-CNFs
and SWCNTs composite was made in similar ways but
soaked inHNO

3
to removemetal particles.The SSA obtained

from the composite was lower (132m2/g) but with higher
conductivity (8.82 S cm−1) due to the CNTs. The specific
capacitance from the composite was very high (417 F/g) [62].
In addition to embedding by electrospinning, the CNTs are
also grown directly on carbon nanofibers by CVD with cat-
alyst particle embedded by electrospinning [22, 63]. Similar
to carbon nanotubes, the carbon nanofibers were also used to
make composite. The conductivity and SSA of the composite
increased when CNFs were used with porous nanosheet from
bacterial cellulose. The conductivity of composite increased
to 10.1 Sm−1 compared to nanosheet of 7.6 Sm−1 [69].

As discussed earlier, graphene is an excellent material
as electrode for supercapacitor due to the high electrical
conductivity and huge specific surface area, but the agglom-
eration of graphene sheet causes reduction in surface area;
however, their composite with other carbon nanomaterials
can enhance both electrical conductivity and specific sur-
face area of overall composite material. The higher con-
ductivity and surface area were observed when graphene
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Table 5: Graphene as electrode for supercapacitor.

Ref Material type Electrolyte Specific surface area Specific capacitance Energy and power
density

[54]
Graphene
PTFE binder

KOH (1V) 705m2/g. 135 F/g
TEABF

4
/PC (2.7 V) 94 F/g

TEABF
4
/AN (2.5 V) 99 F/g

[55]

(EG) exfoliated graphene 1MH
2
SO
4
(1 V) 925m2/g

117 F/g
12.4 𝜇F/cm2

PYR
14
TFSI (3.5 V) 75 F/g 31.9Wh/kg

Nanodiamond 1M H
2
SO
4
(1 V) 520m2/g

35 F/g
6.7 𝜇F/cm2

PYR
14
TFSI (3.5 V) 40 F/g 17.0Wh/kg

Camphor graphene 1MH
2
SO
4
(1 V) 46m2/g 6 F/g

[6]
Graphene sheet by laser
irradiation.

1MH
3
PO
4
(1 V)

1520m2/g

3.67mF/cm2
96.5% after 10000

cycles.

EMIMBF
4
. (4 V) 276 F/g

5.02mF/cm2

[56]

Graphene
Sphere
Activated.

[EMIM][TFSI]
3.5 V 3290m2/g 174 F/g

100 F/cm3 74Wh/kg, 338 kW/kg

[BMIM][BF
4
]/AN 167 F/g

5.6Ω

[57]
Pristine graphene

Polymer-gel
(PVA-H

3
PO
4
)

electrolyte
80 𝜇F/cm2

Reduced multilayer
graphene oxide

247 F/g
394 𝜇F/cm2

[58]

Graphene
Water as spacer. H

2
SO
4
(1 V) 215 F/g 8wh/kg

414KW/kg

(EMIMBF
4
) (4V) 273 F/g 150Wh/kg and

776 kW/kg

[59]

Graphene sheet thermally
reduced in water + IL
solution which become gel
in the end.
Gel also works as spacer.

EMImBF
4
(3 V) 156 F/g 17.5Wh/kg

[60] Exfoliation of graphite in
aqueous inorganic salt. 11.3mF/cm2

was coated on PAN-nanofibers by spraying graphene oxide.
The graphene sheets diffused inside CNFs after carboniza-
tion. Little crosslinking of CNFs and graphene resulted in
single and few layer graphene sheets with little agglom-
eration of graphene providing easier access for the elec-
trolyte to the whole surface area. The conductivity of the
CNFs/graphene composite (65.9 Sm−1) was much higher
than CNFs (7.3 Sm−1); however, there was a small increase in
surface area and pore volume. Similarly, the rate capability of
the composite was also very high as compare to CNFs due
to high conductivity and easier access of the electrolyte to
the surface area. The specific capacitance of the composite
dropped only to 155 F/g from 183 F/g when discharging with
10A/g and 0.1 A/g; however, the drop was huge for CNFs
from 114 F/g to 25 F/g [64]. The graphene/CNFs composites
were also used to make dense electrode material which

can give high volumetric capacitance which is important
when the space is limited for the energy source. Phenolic
nanofiber/graphene oxide dispersion was ultrasonicated and
stirred and finally composite paper was made by vacuum-
assisted filtration. The volumetric capacitance higher than
commercial capacitor was obtained (112 F cm−3) [65].

The MWCNTs do not disperse in water and aggregate in
the bottom; however, the dispersion property of MWCNTs
changes to uniform dispersion when mixed with graphene
because aromatic regions of graphene oxide sheets interact
with the sidewalls of MWCNTs through 𝜋-𝜋 supramolecular
interactions where MWCNTS retain their high conductiv-
ity. The MWCNTs were distributed among the graphene
layers working as spacers that prevented graphene from
agglomeration and also helped the electrolyte to access maxi-
mum surface area. Higher surface area from CNTs/graphene
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(261m2/g) than only graphene nanosheets (207m2/g) is
obtained. Similarly, higher specific capacitance of 265 F/g
is obtained than graphene nanosheet (200 F/g) [115]. The
CNTs/graphene composite was also made using CVD. The
specific capacitance of 90 F/g was obtained which was stable
up to 5000 cycles [67]. Nevertheless, the supercapacitors
properties based on carbon nanomaterials composites elec-
trodes are summarised in Table 6.

6. Conclusion

We have reviewed the use of one- and two-dimensional
carbon nanostructures and their composites as electrodes
for supercapacitors. Different possibilities to enhance the
specific capacitance and of course specific energy and power
density are discussed by enhancing surface area, conductivity,
hydrophilicity, and doping of carbon nanomaterials. High
specific capacitance along with high energy and power
density is obtained from CNTs after removing tips and
functionalizing with oxygenate. Similarly, results are
obtained from graphene by introducing spacer between
graphene sheets. The energy density of around 150Wh/kg
and power density of 250–776 kW/kg are obtained.
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Amoros, and F. Béguin, “Enhanced capacitance of carbon nan-
otubes through chemical activation,” Chemical Physics Letters,
vol. 361, no. 1-2, pp. 35–41, 2002.

[40] W. Lu, L. Qu, K. Henry, and L. Dai, “High performance electro-
chemical capacitors from aligned carbon nanotube electrodes
and ionic liquid electrolytes,” Journal of Power Sources, vol. 189,
no. 2, pp. 1270–1277, 2009.

[41] C. Kim and K. S. Yang, “Electrochemical properties of carbon
nanofiber web as an electrode for supercapacitor prepared by
electrospinning,”Applied Physics Letters, vol. 83, no. 6, pp. 1216–
1218, 2003.

[42] T.-H. Ko, K.-H. Hung, S.-S. Tzeng, J.-W. Shen Och, and C.-
H. Hung, “Carbon nanofibers grown on activated carbon fiber
fabrics as electrode of supercapacitors,” Physica Scripta, vol. 129,
pp. 80–84, 2007.

[43] K. Wang, Y. Wang, Y. Wang, E. Hosono, and H. Zhou, “Meso-
porous carbon nanofibers for supercapacitor application,” Jour-
nal of Physical Chemistry C, vol. 113, no. 3, pp. 1093–1097, 2009.

[44] J. R. McDonough, J. W. Choi, Y. Yang, F. La Mantia, Y. Zhang,
and Y. Cui, “Carbon nanofiber supercapacitors with large areal
capacitances,” Applied Physics Letters, vol. 95, no. 24, Article ID
243109, 2009.

[45] M.-K. Seo and S.-J. Park, “Electrochemical characteristics of
activated carbon nanofiber electrodes for supercapacitors,”
Materials Science and Engineering: B, vol. 164, no. 2, pp. 106–111,
2009.

[46] B.-H. Kim, K. S. Yang, H.-G. Woo, and K. Oshida, “Super-
capacitor performance of porous carbon nanofiber com-
posites prepared by electrospinning polymethylhydrosiloxane
(PMHS)/polyacrylonitrile (PAN) blend solutions,” Synthetic
Metals, vol. 161, no. 13-14, pp. 1211–1216, 2011.

[47] B.-H.Kim,K. S. Yang, Y. A. Kim, Y. J. Kim, B. An, andK.Oshida,
“Solvent-induced porosity control of carbon nanofiber webs for
supercapacitor,” Journal of Power Sources, vol. 196, no. 23, pp.
10496–10501, 2011.

[48] Y. Gao, G. P. Pandey, J. Turner, C. R.Westgate, and B. Sammakia,
“Chemical vapor-deposited carbon nanofibers on carbon fabric
for supercapacitor electrode applications,” Nanoscale Research
Letters, vol. 7, article 651, 2012.

[49] E. Kang, G. Jeon, and J. K. Kim, “Free-standing, well-aligned
ordered mesoporous carbon nanofibers on current collectors
for high-power micro-supercapacitors,” Chemical Communica-
tions, vol. 49, no. 57, pp. 6406–6408, 2013.

[50] C. Tran and V. Kalra, “Fabrication of porous carbon nanofibers
with adjustable pore sizes as electrodes for supercapacitors,”
Journal of Power Sources, vol. 235, pp. 289–296, 2013.

[51] L.-F. Chen, X.-D. Zhang, H.-W. Liang et al., “Synthesis of
nitrogen-doped porous carbon nanofibers as an efficient elec-
trode material for supercapacitors,” ACS Nano, vol. 6, no. 8, pp.
7092–7102, 2012.

[52] L.-F. Chen, Z.-H. Huang, H.-W. Liang, H.-L. Gao, and S.-H.
Yu, “Three-dimensional heteroatom-doped carbon nanofiber
networks derived from bacterial cellulose for supercapacitors,”
Advanced Functional Materials, vol. 24, no. 32, pp. 5104–5111,
2014.

[53] C.-C. Lai and C.-T. Lo, “Plasma oxidation of electrospun carbon
nanofibers as supercapacitor electrodes,” RSC Advances, vol. 5,
no. 49, pp. 38868–38872, 2015.

[54] M. D. Stoller, S. Park, Z. Yanwu, J. An, and R. S. Ruoff,
“Graphene-based ultracapacitors,” Nano Letters, vol. 8, no. 10,
pp. 3498–3502, 2008.

[55] S. R. C. Vivekchand, C. S. Rout, K. S. Subrahmanyam, A. Govin-
daraj, and C. N. R. Rao, “Graphene-based electrochemical
supercapacitors,” Journal of Chemical Sciences, vol. 120, no. 1, pp.
9–13, 2008.



16 Journal of Nanomaterials

[56] T. Kim, G. Jung, S. Yoo, K. S. Suh, and R. S. Ruoff, “Activated
graphene-based carbons as supercapacitor electrodes with
macro- andmesopores,”ACSNano, vol. 7, no. 8, pp. 6899–6905,
2013.

[57] J. J. Yoo, K. Balakrishnan, J. Huang et al., “Ultrathin planar
graphene supercapacitors,”Nano Letters, vol. 11, no. 4, pp. 1423–
1427, 2011.

[58] X. Yang, J. Zhu, L. Qiu, and D. Li, “Bioinspired effective pre-
vention of restacking in multilayered graphene films: towards
the next generation of high-performance supercapacitors,”
Advanced Materials, vol. 23, no. 25, pp. 2833–2838, 2011.

[59] M. A. Pope, S. Korkut, C. Punckt, and I. A. Aksay, “Supercapac-
itor electrodes produced through evaporative consolidation of
graphene oxide-water-ionic liquid gels,” Journal of the Electro-
chemical Society, vol. 160, no. 10, pp. A1653–A1660, 2013.

[60] K. Parvez, Z.-S. Wu, R. Li et al., “Exfoliation of graphite into
graphene in aqueous solutions of inorganic salts,” Journal of the
American Chemical Society, vol. 136, no. 16, pp. 6083–6091, 2014.

[61] Q. Guo, X. Zhou, X. Li et al., “Supercapacitors based on hybrid
carbon nanofibers containing multiwalled carbon nanotubes,”
Journal of Materials Chemistry, vol. 19, no. 18, pp. 2810–2816,
2009.

[62] L. Cheng, J. He, Y. Jin, H. Chen, and M. Chen, “Single-walled
carbon nanotube embedded porous carbon nanofiber with
enhanced electrochemical capacitive performance,” Materials
Letters, vol. 144, pp. 123–126, 2015.

[63] Y. Qiu, G. Li, Y. Hou et al., “Vertically aligned carbon nanotubes
on carbon nanofibers: a hierarchical three-dimensional carbon
nanostructure for high-energy flexible supercapacitors,” Chem-
istry of Materials, vol. 27, no. 4, pp. 1194–1200, 2015.

[64] Q. Dong, G. Wang, H. Hu et al., “Ultrasound-assisted prepa-
ration of electrospun carbon nanofiber/graphene composite
electrode for supercapacitors,” Journal of Power Sources, vol. 243,
pp. 350–353, 2013.

[65] C.Ma, X.Wang, Y.Ma et al., “Carbon nanofiber/graphene com-
posite paper for flexible supercapacitors with high volumetric
capacitance,”Materials Letters, vol. 145, pp. 197–200, 2015.

[66] Q. Cheng, J. Tang, J. Ma, H. Zhang, N. Shinya, and L.-C.
Qin, “Graphene and carbon nanotube composite electrodes
for supercapacitors with ultra-high energy density,” Physical
Chemistry Chemical Physics, vol. 13, no. 39, pp. 17615–17624,
2011.

[67] C.-C. Lin and Y.-W. Lin, “Synthesis of carbon nanotube/
graphene composites by one-step chemical vapor deposition for
electrodes of electrochemical capacitors,” Journal of Nanomate-
rials, vol. 2015, Article ID 741928, 8 pages, 2015.

[68] H.-C. Hsu, C.-H. Wang, Y.-C. Chang, J.-H. Hu, B.-Y. Yao, and
C.-Y. Lin, “Graphene oxides and carbon nanotubes embedded
in polyacrylonitrile-based carbon nanofibers used as electrodes
for supercapacitor,” Journal of Physics and Chemistry of Solids,
vol. 85, pp. 62–68, 2015.

[69] Y. Jiang, J. Yan, X. Wu et al., “Facile synthesis of carbon
nanofibers-bridged porous carbon nanosheets for high-per-
formance supercapacitors,” Journal of Power Sources, vol. 307,
pp. 190–198, 2016.

[70] E. Pop, D. Mann, Q. Wang, K. Goodson, and H. Dai, “Thermal
conductance of an individual single-wall carbon nanotube
above room temperature,”Nano Letters, vol. 6, no. 1, pp. 96–100,
2006.

[71] S. Hong and S. Myung, “Nanotube electronics: a flexible
approach to mobility,” Nature Nanotechnology, vol. 2, no. 4, pp.
207–208, 2007.

[72] M.-F. Yu, B. S. Files, S. Arepalli, and R. S. Ruoff, “Tensile loading
of ropes of single wall carbon nanotubes and their mechanical
properties,” Physical Review Letters, vol. 84, no. 24, pp. 5552–
5555, 2000.

[73] D. S. Lee, J. Svensson, S. W. Lee, Y. W. Park, and E. E. B. Camp-
bell, “Fabrication of crossed junctions of semiconducting and
metallic carbon nanotubes: a CNT-gated CNT-FET,” Journal of
Nanoscience and Nanotechnology, vol. 6, no. 5, pp. 1325–1330,
2006.

[74] X. Liu, S. Han, and C. Zhou, “Novel Nanotube-on-Insulator
(NOI) approach toward single-walled carbon nanotube
devices,” Nano Letters, vol. 6, no. 1, pp. 34–39, 2006.

[75] D. Shahrjerdi, A. D. Franklin, S. Oida, J. A. Ott, G. S. Tulevski,
and W. Haensch, “High-performance air-stable n-type carbon
nanotube transistors with erbium contacts,” ACS Nano, vol. 7,
no. 9, pp. 8303–8308, 2013.

[76] A. Javey, J. Guo, Q. Wang, M. Lundstrom, and H. Dai, “Ballistic
carbon nanotube field-effect transistors,” Nature, vol. 424, no.
6949, pp. 654–657, 2003.

[77] F. Kreupl, A. P. Graham, G. S. Duesberg et al., “Carbon
nanotubes in interconnect applications,” Microelectronic Engi-
neering, vol. 64, no. 1–4, pp. 399–408, 2002.

[78] B. Q. Wei, R. Vajtai, and P. M. Ajayan, “Reliability and current
carrying capacity of carbon nanotubes,” Applied Physics Letters,
vol. 79, no. 8, pp. 1172–1174, 2001.

[79] J. Kong, N. R. Franklin, C. Zhou et al., “Nanotube molecular
wires as chemical sensors,” Science, vol. 287, no. 5453, pp. 622–
625, 2000.

[80] J. T.W. Yeow andY.Wang, “A review of carbon nanotubes-based
gas sensors,” Journal of Sensors, vol. 2009, Article ID 493904, 24
pages, 2009.

[81] Y. Fu, N. Nabiollahi, T. Wang et al., “A complete carbon-
nanotube-based on-chip cooling solution with very high heat
dissipation capacity,” Nanotechnology, vol. 23, no. 4, Article ID
045304, 2012.

[82] X. Wang, Q. Li, J. Xie et al., “Fabrication of ultralong and
electrically uniform single-walled carbon nanotubes on clean
substrates,” Nano Letters, vol. 9, no. 9, pp. 3137–3141, 2009.
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Cellulose nanofibers (CNF) were isolated from Gigantochloa scortechinii bamboo fibers using sulphuric acid hydrolysis. This
method was compared with pulping and bleaching process for bamboo fiber. Scanning electron microscopy, transmission electron
microscopy, Fourier transform infrared spectroscopy, X-ray diffraction, and thermogravimetric analysis were used to determine the
properties of CNF. Structural analysis by FT-IR showed that lignin and hemicelluloses were effectively removed frompulp, bleached
fibers, and CNF. It was found that CNF exhibited uniform and smoothmorphological structures, with fiber diameter ranges from 5
to 10 nm. The percentage of crystallinity was significantly increased from raw fibers to cellulose nanofibers, microfibrillated, along
with significant improvement in thermal stability. Further, obtained CNF were used as reinforcement material in epoxy based
nanocomposites where tensile strength, flexural strength, and modulus of nanocomposites improved with the addition of CNF
loading concentration ranges from 0 to 0.7%.

1. Introduction

Over the years, numerous studies have been performed to
find the ideal cellulosic reinforcing material from natural
plant fibers. Bamboo is possibly an ideal source for cellulose
based nanofibers. It is a fast growing plant and widely
considered as an excellent source of cellulose fibers that pos-
sess relatively small microfibrillar angles and high cellulose
content [1]. Malaysia is endowed with more than 50 bamboo
species. Among these, almost 14 species are commercially
exploited [2]. Gigantochloa genus is one of the most utilized
bamboos inMalaysia due to its uniformity in size, thick culms
wall, and ease of cultivation, whichmakes this bamboo genus
a good choice for industrial usage [3].

Studies on cellulosic plant fibers for various applications
are widely done since they are sustainable, green, and envi-
ronmental friendly. Easy processing, low cost, low energy
consumption, light weight, excellent specific strength, low

environmental hazard, and renewability and recyclability of
the reinforced green composite have generated great interest
among researchers over conventional synthetic reinforced
fibers [4, 5]. The utilization of bamboo fibers in composites
has attracted interest because of its biodegradability and clean
emissions [6, 7].The incorporation of bamboo fiber improves
certain properties of the polymer composite matrix (i.e.,
fracture toughness and impact behavior); however, flexural
strength of composites was not significantly affected [8–
10]. It is believed that the poor compatibility between the
cellulose and polymer matrix causes the low flexural strength
in cellulose reinforced composite materials. The poor matrix
accessibility increases the interfacial tension between cel-
lulose fibers and polymeric matrices, thus increasing the
porosity of composites [11, 12]. Thus there is need to develop
a novel methodology for the production of cellulose fibers
which have better compatibility with the polymeric matrices.
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Cellulose is a biopolymer. It is the main component
of all plant fibers and composed of repeating units of 𝛽-
D-glucose [13]. Nanoscale cellulose fibers can be isolated
from various cellulosic sources by a number of isolation
methods, including variousmechanical treatmentswhich can
be used in combination or independently. Researchers have
combined mechanical processes such as refining [14] and
cryocrushing [15] with pretreatment of cellulosic fiber by
means of physical, chemical, or enzymatic hydrolysis [7, 10,
16, 17] to improve the mechanical and barrier properties of
extracted bamboo fiber-reinforced composites.

Combination of sulphuric acid hydrolysis and homoge-
nization methods to isolate CNF is reported to be convenient
and had minimum effect on fiber properties [18]. However,
isolation and characterization of CNF from Gigantochloa
scortechinii using a combination of pulping, bleaching, and
hydrolysis has not been previously reported. Therefore,
the present study was conducted to isolate CNF from
Gigantochloa scortechinii fibers using the above combined
procedures together known as a chemomechanical pro-
cess. Several analytical techniques, including scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), and thermogravimetric analysis
(TGA), were used to characterize the morphology, structure,
crystallinity, and thermal properties of isolated nanofibers.
After successful isolation of CNF it was incorporated in
epoxy resin at different concentrations to study the effect
of CNF as a reinforcing agent on mechanical properties of
nanocomposites.

2. Materials and Methods

2.1. Materials. Gigantochloa scortechinii bamboo culms were
collected from Forest Research Institute of Malaysia (FRIM),
Kepong, Selangor, Malaysia. The bamboo culms were cut
into small pieces (size of 1.5 cm2) and dried until the overall
moisture content of samples reaches 5 ± 0.2%. The moisture
content was measured using MB45 Moisture Analyzer. In
present study sodium hydroxide (NaOH), anthraquinone
(AQ), hydrogen peroxide (H

2
O
2
), magnesium sulphate

(MgSO
4
), sulphuric acid (H

2
SO
4
) and other chemicals of

analytical grade were received from Bumificient Sdn Bhd,
Kuala Lumpur, Malaysia, and used without any processing.

2.2. Soda-AQ Pulping. Pulping of dried bamboo chips was
performed in an “Ibsutek Zat 92” (RB Supply Enterprise,
Penang, Malaysia) 20 L stainless steel rotary digester with
25% (w/w) NaOH and 0.1% (w/w) AQ as cooking liquor.
The cooking temperature and time were 170∘C and 3 h,
respectively, and the ratio of cooking liquor to bamboo fiber
was 7 : 1 (v/w). After pulping, bamboo pulps were washed
thoroughly with distilled water to eliminate residues of
cooking liquor. Sampleswere oven-dried at 60∘C for 24 hours.

2.3. Alkaline-Peroxide Bleaching. Bamboo pulps were sub-
jected to alkaline-peroxide bleaching process. 12 g of pulp
was treated with 52.42mL of aqueous solution containing 3%

(v/v)H
2
O
2
, 3% (w/w)NaOH, and 0.5% (w/w)MgSO

4
at 80∘C

for 2 h. Upon completion of bleaching slurry was rinsed with
water and oven-dried at 60∘C for 24 h prior to storage.

2.4. Isolation of Cellulose Nanofibers. 10 g of bleached pulps
was hydrolyzed in sulphuric acid (H

2
SO
4
) aqueous solution

(30%, v/v) under strong agitation at 90∘C for 2 h.The ratio of
acid over bleached pulp was 20 : 1. Hydrolysis was terminated
by adding excess of cold distilled water into mixture and
diluted suspension was centrifuged at 11,000 rpm for 10min.
The collected precipitate was resuspended in distilled water
under strong agitation. This process was repeated until pH
reached to 7. Finally obtained precipitate was soaked in
distilled water and subjected to 20min of homogenization
followed by sonication for 30min to isolate nanofibers.
Finally, slurry was freeze-dried prior to characterization of
nanofibers.

2.5. Preparation of CNF Reinforced Epoxy Nanocomposites.
Extracted CNF from G. scortechinii was used as filler or
reinforcement in epoxy based nanocomposites. Epoxy resin
(100 phr) and polyamine hardener (60 phr) were mixed as
matrix. Nanocomposites were fabricated using different CNF
loading percentages of 0.3%, 0.5%, and 0.7% (w/w). CNF
was added to epoxy resin mixture at different concentrations
and stirred by using mechanical stirrer for 30min at room
temperature. Bubbles from the mixture were removed by
using vacuum chamber for 30min. Polyamine hardener 8161
as a curing agent was then added to themixture andmechan-
ically stirred for 10min. The mixture was again degassed
in vacuum chamber for 15min. Subsequently, the obtained
solution was casted into amould (160mm × 160mm × 3mm)
whichwas coveredwith silicon oil as a releasing agent. Finally,
the composite was cured at 85∘C for 2 hr and continued for
postcure at 125∘C for 3 hr.

2.6. Characterization. Various properties of extracted CNF
were evaluated by SEM, TEM, FT-IR, XRD, and TGA.
Morphology was analyzed via SEM (EVO MA10; Carl Zeiss
SMT, Germany). The acceleration voltage was set at 15 kV,
and fibers were coated with a very thin layer of gold prior to
analysis.

TEM of the resultant suspension of CNF was performed
on a Libra 120, Carl Zeiss (Germany) electron microscope at
an acceleration voltage of 120 kV. CNFwas diluted in distilled
water (0.01% of w/v). Carbon-coated grid was used to deposit
a drop of diluted CNF suspension. Diameter of CNF was
measured by image analysis system (Image Pro Plus ver. 7.01;
Media Cybernetics, Inc., USA). Dimensions were calculated
from the measurement of dozens of nanofibers and mean
value was reported as diameter of that sample.

Change in functional groups of samples was deter-
mined by using Fourier transform infrared (FT-IR) spec-
troscopy (IS10 Nicolet, Thermo Scientific, USA) in range
of 400–4000 cm−1 with a resolution of 4 cm−1. Samples
were grounded into powder and blended with high-purity
dried potassiumbromide (KBr) before pressing into ultrathin
transparent pellets.
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Crystallinity percentage of raw bamboo fiber, pulp,
bleached pulp, and CNF was determined by using an X-ray
diffractometer (D8 Advanced Bruker, Germany) at 2𝜃 range
from 5∘ to 50∘. Crystallinity percentage was calculated based
on the following equation:

𝐶IR (%) =
𝐼
200
− 𝐼AM
𝐼
200

× 100, (1)

where 𝐼
200

signifies amorphous and crystalline fractions and
𝐼AM signifies amorphous region.

Degradation temperature and thermal stability of cel-
lulose fibers were analyzed by using thermogravimetric
analyzer (TGA/SDTA 851; Mettler Toledo, Switzerland). All
samples were heated from 30∘C to 800∘C under nitrogen
atmosphere at a heating rate of 20∘C/min.

Mechanical properties of neat composite and CNF rein-
forced epoxy nanocomposites were analyzed by using Instron
5582 universal testing machine (USA). Tensile modulus and
tensile strength was determined by ASTM-D3039. In short all
samples were cut into dimension of 120mm× 15mm × 3mm.
Testing speed and gauge length were set at 5mm/min and
60mm, respectively. Flexural test was conducted by three-
point bending test based on ASTM-D790. All samples were
cut into dimension of 160mm × 20mm × 3mm and the
crosshead speed was set at 2mm/min.

Fractured surface of nanocomposites were observed
using SEM (EVO MA10; Carl Zeiss SMT, Germany) with
accelerating voltage at 15 kV. Samples with thickness of 2mm
from tensile test were sputteredwith gold prior to observation
in order to avoid surface changing during the test.

3. Results

3.1. Morphological Analysis. Surface morphology and size
of fibers might change during chemical and mechanical
pretreatment. Figure 1 shows the SEM images of raw bamboo
fiber, pulp, bleached pulp, and acid hydrolyzed fiber. It is
evident from SEM images that the morphology of treated
bamboo fiber changed during processing. Raw bamboo fiber
is composed of bundles with continuous individual cells
that are bound together by cemented components of lignin,
hemicelluloses, and waxy materials [3]. Thus, typically rough
and irregular surface of raw bamboo fiber (Figure 1(a)) was
due to the presence of noncellulosic materials [16, 17]. The
surface of fibers appears to be uniform and smooth in SEM
image of pulp, bleached pulp, and hydrolyzed fiber (Figures
1(b), 1(c), and 1(d)) due to removal of noncellulosic materials.

Pulping is known to liberate individual fibers from fiber
bundles; however, single fibers of pulp still tangled with each
other. Subsequent bleaching treatment resulted in smoother
and clear surface of fibers with significant decrease in diame-
ter. TEM images of CNF (Figures 1(e) and 1(f)) showed indi-
vidual nanofibers with little agglomeration. The diameter of
raw fiber, pulp, bleached pulp, and cellulose nanofiber ranged
between 79.86 and 183.1 𝜇m, 16.87 and 23.27𝜇m, 8.94 and
18.57 𝜇m, and 5.29 and 10.94 nm, respectively. Other study on
CNF from different species of bamboo exhibited lateral size
of 10 to 30 nm [19]. Thus nanofibers generated in the present

study had lower diameter than CNF of already reported
literature. It is apparent that soda pulping, alkaline-peroxide
bleaching, and acid hydrolysis process effectively removed
noncellulosic components and thus reducing fiber dimen-
sion. Chemomechanical treatments separated raw fibers into
individual micron-to-nanosized fibers.

3.2. Fourier Transform Infrared Spectrometry Analysis. FT-IR
spectroscopy was used to evaluate the changes in functional
groups of fibers at different stages of treatment. FT-IR spectra
of raw fiber, pulp, bleached pulp, and CNF are shown in
Figure 2. Strong and broad band at 3413 cm−1 was attributed
to stretching vibration of hydroxyl groups (-OH). Band
at 2904 cm−1 was ascribed to C-H stretching. Bands at
1732 cm−1, 1621 cm−1, 1509 cm−1, 1435 cm−1, 1370 cm−1, and
1160 cm−1 corresponded to C=O stretching in hemicellulose,
absorbed water, aromatic asymmetric stretching of lignin,
bending vibration of CH

2
groups, C-H groups of aromatic

ring, and C-O-C linkages in lignin, respectively [16, 20]. Fur-
thermore, absorption peak that can be seen around 1035 cm−1
was assigned to stretching of O-H and C-H groups, whereas
vibrational peak at 828 cm−1 was due to characteristic of 𝛽-
glycosidic bond [21].

Reduction in intensity of peaks or disappearance of
any peak in FT-IR analysis would give good information
about changing in functional groups of samples at different
stages of treatment. Disappearance of peaks from 1732 cm−1,
1509 cm−1, and 1251 cm−1 in pulp, bleached pulp, and CNF
confirmed the removal of lignin and hemicelluloses from
raw fibers during soda pulping, alkaline-peroxide bleaching,
and acid hydrolysis. These treatments caused the reduction
of strong and broad bands from control sample, especially
stretching vibration band between 3000 and 3500 cm−1,
which demonstrated the removal of phenolic and alcoholic
waxy materials from fibers.

3.3. X-RayDiffraction Analysis. Crystalline behavior of cellu-
lose fibers was measured by XRD analysis. Figure 3 illustrates
the X-ray diffractogram of raw fiber, pulp, bleached pulp,
and CNF from G. scortechinii. Cellulose contains partially
crystalline and amorphous structure resulting from the place-
ment of glycosidic chain, which is held closely by mutual
H-bonding in the crystalline region and absence of such
organized H-bonding in amorphous region [22]. Results
showed that peaks at around 2𝜃 = 15∘ and 22.5∘, which are
believed to represent the typical native cellulose crystalline
structure [23], indicated that the crystal integrity of fibers had
been maintained during treatment.

Crystallinity of cellulosic bamboo fiberwas determined at
every stage of treatment. It was observed that the crystallinity
is significantly affected by each process. The crystallinity
values of raw fiber, pulp, bleached pulp, and CNF was
47.91%, 54.34%, 60.89%, and 65.32%, respectively. Value of
crystallinity increased after each chemical treatment, which
might have resulted from the dissolution and removal of
noncellulosic components including lignin and hemicellu-
loses that present in amorphous regions of raw fibers. Thus,
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Figure 1: (a) SEM micrographs of raw fiber; (b) SEM micrographs of pulp; (c) SEM micrographs of bleached pulp; (d) SEM micrographs of
acid hydrolysis treated fiber; and (e, f) TEMmicrographs of CNF.

with each step, degree of crystallinity in fibers increases with
subsequent exclusion of amorphous parts from samples.

3.4. Thermal Properties Analysis. Thermal stability of rein-
forcing material is important to determine their applicability
for biocomposite processing at high temperature [24]. TGA
thermograms of G. scortechinii’s fiber from each treatment
process are shown in Figure 4. The curves illustrate an initial
weight of 7% from all fibers occurring between 30 and 100∘C,
due to evaporation of absorbed moisture.Thermal character-
istics, including initial decomposition temperature (𝑇Onset),
maximum degradation temperature (𝑇max), and percentage
of residue at 800∘C of all the samples, are summarized in
Table 1. 𝑇Onset values of raw fiber, pulp, bleached pulp, and
CNF were found to be 306, 332, 344, and 345∘C, respectively.
The second stage of mass loss, which was in the range of 200–
450∘C, corresponded to decomposition of cellulose, hemicel-
luloses, and lignin. The maximum degradation temperature

(𝑇max) values were 351, 365, 370, and 376∘C for the raw
fiber, pulp, bleached pulp, and CNF, respectively. Pulping,
bleaching, and hydrolysis reduced the overall char residue
from raw fibers. It was observed that the amount of residues
present at 800∘C was reduced from 33% of raw fiber to 8%
in nanofibers. Residue percentage decreases throughout the
treatment process. A higher amount of residue in the raw
fibers directly correlates to the presence of lignin, hemicel-
luloses, and other noncellulosic materials. During treatment
subsequent loss of noncellulosic material occurred which
resulted in lower residue percentage.

Thermal stability increased after chemomechanical treat-
ment, which was due to the removal of hemicelluloses and
lignin. Increase in fiber crystallinity was confirmed by higher
value of 𝑇max. During acid hydrolysis amorphous region in
cellulose might get disintegrated and subsequent increase in
degree of crystallinity was observed. The higher crystallinity
leads to greater heat resistance, thus boosting the thermal



Journal of Nanomaterials 5

%
 T

ra
ns

m
itt

an
ce

4000 3500 3000 2500 2000 1500 1000 500

CNF

Bleached

Pulp

Raw

3413
2904

1732

1621
1509
1370

1325
1251

1160
1035

828

Wavenumbers (cm−1)

Figure 2: FT-IR spectra of raw fiber, pulp, bleached pulp, and CNF
from G. scortechinii.

(d)

(c)

(b)

(a)

0 10 20 30 40 50 60

In
te

ns
ity

2𝜃

Figure 3: XRDdiffractograms of (a) raw fiber; (b) pulp; (c) bleached
pulp; and (d) CNF.

Table 1: Thermal properties of treated cellulose fibers at each step.

Sample 𝑇Onset (
∘C) 𝑇max (

∘C) Residue (%)
Raw fiber 258.77 351.51 33.90
Pulp 243.81 365.10 23.38
Bleached pulp 344.60 370.42 11.01
Cellulose nanofibers 345.32 376.39 8.36

stability [22]. Higher crystallinity induces more ordered
cellulose regions. More densely packed cellulose chains in
a highly organized form can lead to higher hydrogen bond
intensity between neighboring cellulose chains; thus, this
might hinder heat transfer by diffusion through cellulose
chains. High thermal stability of CNF as observed in present
study is important for reinforcement agent in functional
composites applications.

3.5. Mechanical Properties of Nanocomposites. Tensile and
flexural properties of neat epoxy composites and CNF rein-
forced epoxy based nanocomposites are tabulated in Table 2.
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Figure 4: TGA thermograms of (a) raw fiber; (b) pulp; (c) bleached
pulp; and (d) CNF.

Tensile strength and modulus of nanocomposites increased
from 24.1 to 31.3MPa and 0.78 to 1.3 GPa, respectively, with
increase in CNF concentration from 0 to 0.7%. Observed
improvement in tensile strength and modulus was a result
of high surface area of reinforcing agent which promotes
good interfacial bonding between CNF nanofiller and epoxy
matrix.Thus it prevents rapid crack propagation and provides
better stress transmit and subsequently improved elastic
deformation. Similarly, flexural strength and modulus of
nanocomposites were also improved due to incorporation
of CNF in epoxy resin at all concentrations studied in
present work. Earlier, CNFwas introduced and demonstrated
to improve the mechanical performance of various kinds
of polymer matrix based composites as reported by vari-
ous other researchers [25–27]. Nanocomposites significantly
exhibit good mechanical properties than the neat polymer
even at low CNF reinforcement concentration. However,
CNF loading caused reduction in elongation at break from
6.84% of neat epoxy to 3.34% of 0.7% CNF incorporated
composite. Reduction in elongation at break might be due
to the probability of fiber aggregation which resulted in area
of stress concentrations that require less energy to propagate
cracks and fracture. Hence, during tensile deformation, stress
cannot transfer efficiently near these flaws and thus resulted
in failure. Furthermore, high rigidity of CNF also contributed
to the reduction in elongation at break.

3.6. Fracture Surface Morphology. SEM micrographs in
Figure 5 represent the tensile fractured surface of CNF rein-
forced epoxy based nanocomposites. The interface bonding,
crack propagation, and dispersion of bamboo CNF in the
matrix were observed. The surface of 0% CNF loading/neat
epoxy was smooth, which indicated the brittle nature of neat
epoxy composite. Brittleness of pure epoxy resulted in its
low resistance against crack propagation, thus having low
mechanical strength. Images of CNF loaded nanocomposites
exhibited rough fractured surfaces with the presence of
white dots that represent CNF in nanocomposites. Moreover,
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Figure 5: SEM micrographs of tensile fracture surfaces of (a) neat epoxy; (b) 0.3% CNF; (c) 0.5% CNF; and (d) 0.7% CNF reinforced epoxy
based nanocomposites.

Table 2: Mechanical properties of CNF reinforced epoxy based nanocomposites.

CNF loading (% w/w) Tensile Flexural
Strength (MPa) Modulus (GPa) Elongation (%) Strength (MPa) Modulus (GPa)

0 24.10 0.78 6.84 24.50 1.12
0.3 25.60 0.93 5.81 26.93 1.17
0.5 28.20 1.17 4.12 29.40 1.21
0.7 31.30 1.30 3.34 32.00 1.36

brittleness of fractured surface of nanocomposites can be
proved by the presence of sharp edges and deep linemarkings
between the fractured surfaces. This justifies the observed
reduction in elongation at break with CNF content in epoxy
resin.Thus it was revealed by the analysis of SEM images that
0.3% CNF loaded fracture surface showed less brittleness as
compared to 0.5% and 0.7% CNF incorporated composites.
In 0.5% and 0.7% CNF loaded epoxy composites the crack
propagation was rapid, thus resulting in roughness and deep
line marking on both surfaces. However, there were no
obvious agglomerates observed on the fracture surfaces of
0.5% CNF as compared to 0.7% CNF incorporated epoxy
composites, whichmight be attributed to the good dispersion
and distribution of CNF without aggregation. Better disper-
sion resulted in improved tensile strength and modulus as
observed in the present study.

Furthermore, deep line marking was observed and the
surface became rough with the addition of 0.7% CNF
in epoxy resin. As the concentration of CNF in matrix
increased little agglomeration was observed. The presence

of agglomeration was probably due to poor dispersion and
distribution of CNF in the nanocomposite. The agglomer-
ation might lead to improper interfacial bonding between
reinforcement material and the matrix [28]. As Masoodi et
al. [29] reported, absorbed moisture in CNF also resulted in
improper bonding between CNF and epoxy during curing
process. On the other hand, Omrani et al. [25] found that
low amount of CNF loading in epoxy based nanocomposites
resulted in smooth surface as observed in present study. Due
to addition of low amount of CNF (up to 0.7% w/w) in epoxy
resin no large clumps of nanofiller was observed by SEM in
present study. Thus at all concentrations of CNF mechanical
properties were enhanced as compared to neat epoxy film.

4. Conclusions

CNF were successfully isolated from G. scortechinii by com-
bination of pulping, bleaching, and hydrolysis. SEM and
FT-IR analysis revealed that each step of chemomechanical
process contributed to removal of wax, hemicellulose, and
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lignin from the treated fiber and this resulted in decrease in
fiber diameter as confirmed by TEM. Diameter of extracted
CNF was ranging from 5 to 10 nm. Crystallinity of fiber
increased during chemomechanical process due to removal of
amorphous regions from cellulose. Thermogravimetric anal-
ysis explained that the isolated nanofibers exhibited maximal
thermal stability, where the highest 𝑇max value was 376∘C.
Mechanical properties like tensile strength and modulus as
well as flexural strength and modulus of the nanocomposites
improved with addition of CNF loading from 0 to 0.7%.
However, elongation at break decreased with increased in
CNF concentration in epoxy resin. The SEM fracture surface
of CNF reinforced nanocomposites showed rough surface
compared to the neat epoxy composite. At 0.7% of CNF
agglomeration was observed. Overall, it can be concluded
that isolated CNF from G. scortechinii bamboo can be a
suitable alternative reinforcing agent or filler in functional
composite, especially epoxy resin for various engineering
applications.
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Uniaxial alignment of electrospun fibers can provide a useful approach to develop novel functional nanomaterials for applications
in a wide variety of fields. In this study, a polypropylene- (PP-) coated spinneret and a metal spinneret were utilized to carry
out the single-fluid electrospinning processes. A metal rod frame was utilized as the collector to steer the nanofibers. Using
polyvinylpyrrolidone K90 (PVP K90) as a filament-forming polymeric model at a concentration of 9% (w/v) in ethanol, the
experimental observations and results demonstrated the following results: (1) the utilization efficiency of electrical energy could be
improved through the PP-coated spinneret; (2) the texture of collector had a significant influence on the collection of aligned PVP
K90 nanofibers; and (3) the combination of a PP-coated spinneret with the metal frame could ensure the electrostatic repulsion
forces to play their roles effectively in generating PVPK90 nanofibers with thinner diameters and in collecting uniaxial alignment of
them.Themechanisms about the orientation effects of the present method are discussed.This job opens a facile way for producing
aligned polymeric nanofibers based on the reasonable manipulation of the interactions between the electrostatic field and the
working fluids.

1. Introduction

Electrospinning technique stems from the traditional spin-
ning technologies such as wet spinning, dry spinning, and
melt spinning [1]. It is different with them in that it takes
advantage of electrical forces rather than mechanical forces
and its natural products are nonwoven fabrics [2–4]. Over
95% of publications about electrospun nanofibers are assem-
bled into randomly oriented nonwoven mats or membranes
by estimation from the data in Web of Science. However,
aligned nanofibers have anisotropic properties, which are
highly desired in a wide variety of applications (particularly
in the field of biomaterials) such as sensors, vascular scaffolds,
biomimetic extracellularmatrices, scaffolds for nerve corpus-
cles, and drug delivery [1, 5–10].Meanwhile, facile fabrication
of array nanomaterials and nanostructures is very important
for developing functional nanodevices and is a hot topic
in the field of nanotechnology today [9, 10]. Thus, how to
prepare aligned electrospun nanofibers has drawn increasing
attention.

Electrospinning, as a simple and straightforward nano-
fiber fabrication process, has developed very quickly during
the past two decades. On one hand, double-fluid (such as
coaxial and side-by-side) electrospinning and trifluid electro-
spinning (such as triaxial) have stood out from the conven-
tional single-fluid processes [11–17]. On the other hand, the
preparation of electrospun nanofibers on a laboratory scale
has been pushed forward to the large scale and industrial scale
[18]. However, little attention has been paid to the utilization
efficiency of the electrical energy, which should be a big
question for potential commercial applications of electrospun
nanofibers, in addition to the evaluation of the quality of final
functional nanoproducts.

In this study, how to utilize the electrical energy effectively
for achieving highly ordered electrospun nanofibers was
investigated. To carry out the electrospinning, a polymer-
coated spinneret (as the positive electrode) and a metal
rod frame (as the negative electrode) were exploited. The
former took advantages of the electrostatic repulsion to
transfer more energy to the working fluids and the latter
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resulted in improved alignment effect of the nanofibers via
electrostatic forces. Polyvinylpyrrolidone (PVP) was selected
as the polymer model because of its fine filament-forming
property using ethanol as the solvent.

2. Materials and Methods

2.1.Materials. PVPK90 (𝑀
𝑤
= 360,000) and anhydrous eth-

anol were obtained from SinoPharm Chemical Reagent Co.,
Ltd. (Shanghai, China), andwere utilized directly without any
purification.

2.2. Electrospinning. The electrospinning system consisted
of a high voltage power supply (ZGF2000, 2mA/60 kV,
Sute Electrical Co., Ltd., Shanghai, China), a syringe pump
(KDS100, Kole-Parmer�, Vernon Hills, IL, USA), two home-
made spinnerets, and several collectors.

The working fluid was prepared as follows: 9.0 g PVP K90
was placed into 100mL ethanol and was stirred enough time
to achieve a transparent solution. After being degassed using
sonication, the fluid was pured into a 10mL polypropylene
(PP) syringe tube, which was connected with a spinneret.The
applied voltage could be adjusted from 0 to 60 kV. After some
preexperiments, the fluid flow rate was fixed at a constant
value of 2.0mL/h. The fiber collected distance was fixed at
20 cm in all the experiments.The environmental temperature
and humidity were 21 ± 4∘C and 57 ± 5%, respectively.

2.3. Characterizations. A digital camera (PowerShot
SX50HS,Canon, Tokyo, Japan)with a largestmagnification of
200x was utilized to observe the electrospinning processes.
A polarized optical microscope (OM, CTM-300, Changfang
Optical Instrumental Factory, Shanghai, China) was ex-
ploited to observe the collected nanofibers. A field-emission
scanning electron microscope (SEM, Quanta� 450 FEG,
Hillsboro, OR, USA) was used to evaluate the details about
the electrospun aligned nanofibers. The samples were gold-
coated under nitrogen before observation. The nanofiber
size was measured in SEM images using ImageJ software
(National Institutes of Health, MD, USA).

3. Results and Discussion

3.1. Efficacious Application of Electrical Energy via a Polymer-
Coated Spinneret. Electrospinning is initially called electro-
static spinning because it takes advantage of electrostatic
forces for spinning [1]. Electrospinning, electrospraying, and
e-jet printing are called together as electrohydrodynamic
atomization because their working principles are based on
the interactions between electrostatic fields and fluids [12]. In
the electrospinning processes, regardless of how many fluids
working simultaneously, the electrostatic energy plays its role
to convert theworking fluids into final solid products through
five successive steps, that is, charging the fluids, the formation
of Taylor cone, the straight fluid jets emitted from the tip of
Taylor cone, the bending and whipping instable region, and
the collection of final nanoproducts (Figure 1).

Within the five steps, the three intermediate steps have
few direct relationships with the utilization efficiency of

High voltage
power supply

Grounded

Collector: negative
electrode

Spinneret: positive
electrode

+

−−

−−

++
+

Figure 1: A schematic diagram of the electrospinning system with
the spinneret as an anode and the collector as a negative electrode.

electrical energy. But the first step and the final step happen
on the components of the electrospinning system, which can
be exploited to improve the effective usage of electrical energy
and thus to reduce the cost of final products for commercial
applications. The first step, that is, the charge of working
fluid, was realized through putting a metal line in the fluid
originally [19], but later in almost all the publications, the
working fluids were charged through a direct connection of
the power supply with the metal spinneret (and often an
alligator clip was utilized) for this objective [20–23].

Although the direct connection of the metal spinneret
with the power supply to charge its inner working fluid
was facile and convenient for implementation; however, the
utilization of a simple whole metal spinneret as an anode
was an energy-wasteful process. This can be demonstrated
by observing the electrospinning processes when a metal
spinneret and a polymer-coated spinneret were used to
conduct the working fluids, respectively.

Shown in Figure 2(a), the starting voltages of metal
spinneret and PP-coated spinneret were 7 kV and 5 kV,
respectively. Under the starting voltages, the Taylor cones
were not in a regular shape, and there were droplets drip-
ping on the collectors frequently. As the applied voltage
increased, the Taylor cones gradually changed as anticipated.
Their volumes reduced, their shapes turned from ellipse to
standard cone, to flat cone, and finally to be indented in the
spinneret capillaries. However, in all these change processes,
the voltages applied on the metal spinneret were larger
than those applied on the PP-coated spinneret. The applied
voltages for a stable and robust process without any dripping
liquid were 10 kV and 8 kV for the metal spinneret and
PP-coated spinneret, respectively. Under the stable working
conditions, the current with the usage of PP-coated spinneret
was significantly smaller than that with the usage ofmetal one
(Table 1).

The electric power (𝑃) can be calculated using the
following equation:

𝑃 =
𝑊

𝑡
= 𝑈𝐼, (1)

where 𝑊 is the power usage (Wa), 𝑈 is the applied voltage
(V), 𝐼 is the electric current (A), and 𝑡 is the running time
(s). According to this equation, the electric power consumed
by the metal spinneret was 1.62 × 10−3Wa, three times larger
than the PP-coated spinneret (0.54 × 10−3Wa).
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Figure 2: A comparison of the developments of Taylor cones as the applied voltages increased when a metal capillary and a PP-coated metal
capillary were exploited.

Table 1: The comparison of electric powers when the two different spinnerets were utilizeda.

Number 1 2 3 4 5 6 Mean ± SD 𝑃 = 𝑈𝐼 (Wa)

Metal spinneret 𝑈m (kV) 10.0 10.1 10.1 10.0 9.9 10.0 10.02 ± 0.03
1.62 × 10

−3

𝐼m (𝜇A) 0.15 0.17 0.15 0.17 0.17 0.16 0.162 ± 0.04

PP-coated spinneret 𝑈p (kV) 8.1 8.0 8.0 8.1 8.0 8.0 8.03 ± 0.02
0.54 × 10

−3

𝐼p (𝜇A) 0.07 0.08 0.06 0.08 0.06 0.06 0.067 ± 0.03

aThe subscripts “m” and “p” mean that the values are from a metal spinneret and a PP-coated spinneret, respectively.

The PP-coated spinneret could always ensure a similar
result of the metal spinneret with the usage of a lower applied
voltage. When the metal spinneret was exploited, it not only
forwarded the electrical energy to the working fluid within
the capillary but also spread energy to the outer environment
through the atmosphere. Although the atmosphere has a
smaller conductivity than the working fluid, because the
larger outer surface of spinneret, the electrical energy loss
was tremendous and should be not overlooked. Kiselev and
Rosell-Llompart reported that 5 kV was sufficient to keep a
stable electrospinning of PEO solution, whereas an applied
voltage of 9-10 kVwas needed to ensure a stable process when
a back electrodewith an enlarged surface area at the spinneret
was utilized [9]. This result indicates that a large conductive
surface area at the spinneret aggregated the energy loss at the
atmosphere and reduced the energy utilization efficiency.

When the PP-coated spinneret was exploited to imple-
ment the electrospinning, most of the metal surface has been
covered by the PP. A narrow section of themetal capillary was
set aside for the copper line to connect the power supply, by
which the working fluid was able to be charged (Figure 2(b)).
The PP coating is an antielectrostatic material, which can
effectively retard the scattering of electrical energy to the
environments through electrostatic repulsion. Thus, this PP-
coated spinneret could forward the electrical energy to the
working fluid more efficaciously than the metal spinneret

although they have the same length andwith a same diameter
of their nozzle (1mm).

The optical microscopic images of the electrospun
nanofibers fabricated under different applied voltages using
the PP-coated spinneret are exhibited in Figure 3. The sam-
ples were prepared by placing a glass slide on the fiber
collector for a short time period. A straight line with a width
of 50 microns was carved in the glass slide by laser for
the size estimation of nanofibers. Just as anticipated, as the
applied voltage rose from 5 kV to 6 kV, 8 kV, and 10 kV, the
created nanofibers became straight and thinner, as indicated
by Figures 3(a), 3(b), 3(c), and 3(d), respectively.

3.2. The Influence of Aperture Texture on the Collection of
Aligned Nanofibers. During the past 20 years, several meth-
ods have been reported to steer the nanofibers on the
collectors. These methods are based on the applications of
electrostatic forces, mechanical forces (e.g., rotating cylinder
andmandrel), their combinations [9], or additional magnetic
fields [10]. However, to our best knowledge, there are no
publications that have investigated the influence of material
textures on the uniaxial alignment of electrospun nanofibers.
Based on a single-fluid electrospinning process using the PP-
coated spinneret (Figure 4(a)), apertures composed of three
kinds of materials with varied conductibility and a glass slide
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Figure 3: The optical microscopic images of the electrospun nanofibers fabricated under different applied voltages using the PP-coated
spinneret: (a) 5 kV, (b) 6 kV, (c) 8 kV, and (d) 10 kV.
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Figure 4:The implementation of electrospinning about the influence of aperture textures on the uniaxial collection of electrospun PVP K90
nanofibers.

were exploited to collect PVP K90 nanofibers (Figure 4(b)).
These apertures had the same size of 1 cm × 5 cm.

After 2 minutes’ collection, the PP aperture could collect
nothing because of its antistatic property. Under the observa-
tions of polarized OM, the collections using other apertures
and the glass slide are shown in Figure 5. Just as anticipated,
the nanofibers collected on the glass slide are randomly
assembled without any orientation degree (Figure 5(a)). In
contrast, the nanofibers collected on the cardboard aperture
(Figure 5(b)) and on the metal aperture (Figure 5(c)) have
obvious orientation features. In addition, the metal aperture
has collected more nanofibers than the cardboard aperture.

These phenomena suggest that the presence of aperture can
effectively guide the polymeric nanofibers to deposit on the
collectors by taking advantage of the electrostatic forces
naturally, and the textures that formed the aperture exerted
a significant influence on the aligned collections.

Based on the abovementioned experimental results, a
metal rod frame collector was fabricated for collecting
aligned PVP K90 nanofibers. The collector (Figure 6(a))
comprised a series of parallel metal rods connected with a
flat iron, which can be grounded through an alligator clip.
The collection of PVP K90 nanofibers from the single-fluid
electrospinning process is shown in Figure 6(b). Under an
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Figure 5:The polarized optical microscopic images of the electrospun nanofibers collected on the glass slide (a), cardboard aperture (b), and
metal aperture (c).
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Figure 6: Metal rod collector (a) and its applications in collecting aligned PVP K90 nanofibers from a single-fluid electrospinning process
using the PP-coated spinneret (b) and a typical underway electrospinning process (c).

applied voltage of 10 kV, the digital picture of the electrospin-
ning process is exhibited in Figure 6(c), in which it is clear
that a straight fluid jet is emitted from an almost flattened
or indented Taylor cone and is followed by a bending and
whipping instable region. The polarized optical microscopic
images of these electrospun PVP K90 nanofibers are shown
in Figure 7, which suggest obviously ordered assembly.

3.3. The Reasonable Selections of Spinneret and Collector for
Collecting Uniaxially Aligned Nanofibers. To further charac-
terize the collected nanofibers from themetal rod frame using
the PP-coated spinneret, SEM observations were conducted.
The nanofibers fabricated from the metal spinneret using the
same collector and under the same operational conditions
were also collected for comparison. Shown in Figure 8,
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Figure 7: The polarized OM images of the electrospun PVP K90 nanofibers collected on the metal rod frame.
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Figure 8: The SEM images of the electrospun PVP K90 nanofibers collected on the metal rod frame using the metal spinneret (a and b) and
the PP-coated spinneret (c and d).

the PVP K90 nanofibers both from the metal spinneret
(Figures 8(a) and 8(b)) and from the PP-coated spinneret
were collected along a certain direction thanks to the
exploitation of array of metal rods as collector. However,
the nanofibers from the PP-coated spinneret had a smaller
average diameterwith a smaller size distribution (360±50nm,
Figure 9(b)) than those from the metal spinneret (670 ±
150 nm, Figure 9(a)). Taking 20 nanofibers as samples, the
former had a better orientation degree (within 1.27 ± 0.34∘)
than the latter (10.05 ± 2.31∘).

Although the simple, straightforward, and one-step
electrospinning has shown fantastic applications in many
fields, its mechanisms are still not very clear because of
the overlap of several disciplines such as rheology, fluid
mechanics, and electric dynamics. Particularly in the bending
and whipping instable region, there are a series of dif-
ferent forces there. These forces play their roles together
to solidify the fluid jets into nanofibers and to assemble
them into mats. Shown in Figure 10 is a schematic diagram
to explain the mechanism that the electrostatic repulsions
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Figure 9: The PVP K90 nanofiber diameters and their size distributions: (a) from the metal spinneret and (b) from the PP-coated spinneret.
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Figure 10: The mechanisms for effective utilization of the electro-
static repulsions for improved alignment of electrospun nanofibers.
𝐸 represents the electrical field; 𝑓in, 𝑓f-n, and 𝑓d represent the
Coulomb repulsion within the fluid jets, electrostatic repulsion
forces between the fluid jets and the floating nanofibers, and
repulsion forces between the deposited nanofibers and the floating
ones, respectively.

are responsible for an enhanced alignment of electrospun
nanofibers.

When a floating nanofiber will deposit on the collector, it
should be subjected to a series of forces from its surroundings.
These forces mainly include the repulsion forces from the
already deposited nanofibers (𝑓d), the repulsion forces from
the fluid jets still in the bending andwhipping coils (𝑓f-n), and
the forces from the electrical field (i.e., the repulsion forces
from the positive electrode and the attractive forces from the
negative electrode). Under the same strength of electrostatic
field, the higher density of charges the fluid jets and deposited
nanofibers have, the larger the forces of 𝑓d and 𝑓f-n are,
and the better uniaxial effect the floating nanofibers align.
Under the same applied voltage, the PP-coated spinneret can
prevent electrical energy loss to the environment effectively
to forward a higher density of charges to the fluid jets than
the metal spinneret. These higher dense charges will not
only increase the Coulomb repulsion (𝑓in) within the fluid

jets to result in nanofiber with smaller diameters but also
produce an improved alignment effect of the nanofibers on
the metal rod collector. Certainly, a good conductivity of the
collector means the quick elimination of the charges within
the deposited nanofibers and in turn the easy landing of the
floating nanofibers on the collector.

4. Conclusions

A PP-coated spinneret was successfully developed for imple-
menting the single-fluid electrospinning processes.The usage
of this kind of spinneret could raise the utilization efficiency
of electrical energy. The collecting apertures could orientate
the electrospun PVPK90 nanofibers, and thematerial texture
forming the apertures showed a significant influence of the
fiber alignment effect. The combined usage of the PP-coated
spinneret with ametal rod frame as the collector could ensure
the electrostatic emulsions play their roles efficaciously in
generating PVP K90 nanofibers with smaller diameters and
in collecting uniaxial alignment of them.

Here, a simple PP-coated spinneret was explored for effec-
tive utilization of electric energy during the electrospinning
processes. Along the strategy reported here, there are a series
of new contents waiting to be further investigated. These
investigations, for example, include the influence of different
insulation thickness and the effectiveness of insulation on the
quality of the output nanofibers; the addition of salts in the
working fluids and the its impact on the electrospinning pro-
cess and final products; and the effects in creating structural
nanoproducts (such as core-shell, Janus, and tri-layer fibers)
utilizing the corresponding polymeric structural spinnerets.
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