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Cross-linked, non-woven fibrous membranes were successfully electrospun from carbon black-chitosan
solutions. Morphology changes with increasing amounts of carbon black were analyzed by field emis-
sion scanning electron microscopy (FESEM). Chemical structure, conductance, and crystallinity of the
fibrous membranes were investigated by Fourier transform infrared spectroscopy (FTIR), AC impedance
spectroscopy, and X-ray diffraction (XRD), respectively. We hypothesize that even at 62.5 wt% loading of

carbon black the particles are chelated and immobilized within the fibers by the natural polymer, chi-
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tosan. After cross-linking using glutaraldehyde vapor, all carbon black-chitosan membranes exhibited
chemical stability in aqueous, acidic, and basic solutions for at least 20 days.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Electrodes, electromagnetic interference (EMI) shielding, and
sensors (Chen, Hu, Zhang, Li, & Rong, 2004; Doleman, Lonergan,
Severin, Vaid, & Lewis, 1998; Zhang & Zeng, 1997) would benefit
from the development of ultra-thin, flexible, electrically conductive
natural polymer coatings. One way to fabricate such a coating is by
electrospinning, an inexpensive, scalable process wherein electri-
cal forces are utilized to create nano- to macro- sized non-woven
membranes from a wide range of precursor materials (Schiffman &
Schauer, 2008).

Previously, the morphology, mechanical behavior, electrical
conductivity, and thermal resistance of electrospun synthetic
polymer-carbon black membranes were evaluated (Chuangchote,
Sirivat, & Supaphol, 2007; Hwang, Muth, & Ghosh, 2007). Addition-
ally, synthetic polymer-carbon black membranes were evaluated
as flexible strain sensors for non-cyclic strain sensing and to
demonstrate a thermally induced color change (Pedicini & Farris,
2004; Tiwari, Yarin, & Megaridis, 2008). To date, only medium load-
ings (12.25wt% or less) of carbon black have been successfully
electrospun in synthetic polymer matrices.

As the concentration of carbon black within a polymer matrix
increases, an insulator-conductor transition takes place. This per-
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colation threshold is the critical amount of filler that diminishes
insulating properties and creates a continuously conductive net-
work. Typically, being able to reduce the percolation threshold
translates to lowering production costs, and improved mechani-
cal properties. However, for the successful design of applications
requiring immobilized carbon blacks or other carbonaceous mate-
rials, it is imperative to confirm that even upon high weight percent
loadings of these materials, they will be retained within the poly-
mer and not leach into the environment. Immobilization utilizing
a known chelating agent, such as chitosan, as a matrix material is
an excellent way to achieve this.

The natural polymer chitosan is biocompatible, biodegradable,
and has aqueous adsorption capabilities. It is the N-deacetylated
derivative of chitin, which is a linear polysaccharide, com-
posed of N-acetyl-p-glucosamine (N-acetyl-2-amino-2-deoxy-D-
glucopryanose) units linked by 3-p (1—4) bonds. As a result of
the deacetylation process, the chemical structure of chitosan has an
abundance of free amine groups. This, and its high nitrogen content
at 6.89%, make it an effective chelator (Krajewska, 2004; Kumar,
2000; Kurita, 2006; Rinaudo, 2006). To date, there are no reports
on chitosan electrospun with any carbon filler agents.

In the current work, the electrospinning process was utilized to
produce membranes with low (2.5 wt%), medium (6.25-25.0 wt%),
and high (62.5 wt%) loadings of carbon black. Changes in the mor-
phology of the fibrous membranes and the extent to which the
carbon black was incorporated into the fibers were analyzed using
scanning electron microscopy and chemical stability studies. Crys-
tallinity and mechanical properties, as well as the conductivity of


dx.doi.org/10.1016/j.carbpol.2011.01.013
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:cschauer@coe.drexel.edu
dx.doi.org/10.1016/j.carbpol.2011.01.013

J.D. Schiffman et al. / Carbohydrate Polymers 84 (2011) 1252-1257 1253

both the polymeric solution and electrospun membranes were also
determined.

2. Materials and methods
2.1. Materials

All compounds were used as received. Carbon black acetylene
100% compressed 99.9+% (metals basis) was purchased from Alfa
Aesar (Ward Hill, MA). The supplier published an average particle
size 0f 42.0 nm. Using FESEM micrographs and Image]J 1.41 software
(National Institutes of Health, Bethesda, MD) the average size of the
carbon black particles was determined to be 66.9 &+ 16.2 nm (n =50).
Glutaraldehyde (GA) (50% solution in water), 97% pure sodium
hydroxide (NaOH), 99.7+% ACS, reagent-grade acetic acid, Reagent-
Plus 99% trifluoroacetic acid (TFA), and medium molecular weight
(190-310kDa) chitosan were purchased from Sigma-Aldrich (St.
Louis, MO). Using FTIR, chitosan was previously determined to be
83% deacetylated (Schiffman & Schauer, 2007).

2.2. Membrane fabrication

2.2.1. Solution preparation

Chitosan/TFA solutions (0.4 g/15 mL corresponding to 2.7% (w/v)
solutions) were prepared with 0g, 0.01g, 0.025g,0.1g, and 0.25¢g
carbon black per 0.4 g chitosan. Carbon black-chitosan wt% ratios
correspond to 0%, 2.5%, 6.25%, 25.0%, and 62.0%. Solutions were
mixed for 24 h on an Arma-Rotator A-1 (Bethesda, MD).

2.2.2. Solution conductivity

A CON 5110 conductivity meter (Oakton, Vernon Hills, IL) was
utilized to determine the conductivity of solutions containing chi-
tosan and various amounts of carbon black. Measurements were
taken in triplicates. All solutions were made utilizing 1% TFA solu-
tions because initial testing proved that solutions containing strong
100% TFA solutions damaged the probe of the conductivity meter.

2.2.3. Electrospinning

A previously described electrospinning apparatus was utilized
(Schiffman & Schauer, 2007). Approximately, 4 mL of a prepared
solution was loaded into a 5 mL Luer-Lok Tip syringe and a Preci-
sion Glide 21-gauge needle (Becton Dickinson & Co., Franklin Lakes,
NJ) was attached. The syringe was then placed on an advancement
pump (Harvard Apparatus, Plymouth Meeting, PA) that was clipped
to the target, which was comprised of a copper plate wrapped in
aluminum foil. These were held at a fixed distance - the separa-
tion distance - while a voltage was applied creating positive and
negative anodes. The advancement pump expunged the polymer
solution of interest at a constant rate as referred to in Section 3 as
the advancement speed.

2.2.4. Cross-linking

A previously described method (Schiffman & Schauer, 2007)
was utilized to cross-link the membranes after they were elec-
trospun. To the bottom of an 11.43 cm x 7.62 cm x 5.08 cm vapor
chamber (VWR Scientific Products, Bridgeport, NJ), 3 mL GA-liquid
was added; the membranes were then placed in the chamber for
24 h.

2.3. Characterization of electrospun membranes

2.3.1. Microscopy

AZeiss Supra 50/VP field emission scanning electron microscope
(FESEM) was utilized to capture micrographs of the membranes. A
Denton vacuum desk II sputtering machine coated the samples for
5s with platinum-palladium. Average fiber diameter, where n=50

from at least 5 different micrographs, was determined using Image]
1.41 software.

For samples that were focused ion beam (FIB) milled, a 1 um
layer of platinum was deposited locally to minimize ion beam dam-
age; the cross-section was prepared with a 30kV Ga*-beam. FIB
samples were then coated with a 15 nm layer of gold-palladium
prior to imaging using a FEI Nova 600 Nanolab DualBeam system.

2.3.2. Chemical analysis

Infrared spectra for electrospun membranes before and after
cross-linking were measured using attenuated reflectance Fourier
transform infrared spectroscopy (FTIR) (Excalibur FTS-3000). All
spectra were taken in transmission mode over the spectral range
of 4000-500 cm~! by accumulation of 64 scans at a resolution of
4cm~,

The chemical stability of cross-linked membranes containing
0-62.5 wt%, carbon black was evaluated. 15-mm? petri dishes (Bec-
ton Dickinson, Franklin Lakes, NJ), each contained 30 mL basic
solution (1 M NaOH, pH ~13) or acidic solution (1M acetic acid,
pH ~2) or aqueous solution (ultrapure water, pH ~7). Two,
2.54cm x 1.27 cm samples were placed into each solution. If pos-
sible, one of the membranes was removed after 15 min, and the
second observed after 48 h and then removed after 20 days. The
solubility and integrity of the membranes over the time elapsed
was visually inspected.

2.3.3. Crystallinity

A D500 Siemens X-ray diffractometer (XRD) with a Cu Ka source
was utilized to obtain diffraction patterns of cross-linked mem-
branes, which were mounted onto glass slides wrapped with store
purchased aluminum (Al) foil (Schiffman, Stulga, & Schauer, 2009).
Scans were taken from 5° to 30° with a hold time of 0.04s. MDI
JADE 7 software was used for peak detection and subtraction of Al
foil peaks.

2.4. Evaluation of electrospun membranes

2.4.1. Conductivity

The conductivity of the plane normal to the electrospun mem-
branes was measured utilizing AC impedance spectroscopy, using
a Solartron AC Impedance system (1260 impedance analyzer,
and 1287 electrochemical interface), which has previously been
described (Elabd, Walker, & Beyer, 2004). A two-electrode cell was
used comprised of 1.22cm? stainless steel blocking electrodes.
Zplot software was utilized to determine the resistance of the mem-
branes within the AC frequency range of 100Hz to 1 MHz. The
values reported for electrical conductivity (o) represent the average
of three experiments, as determined according to the equation:

l
=R (1)
where R is the electrical resistivity (£2), A is the cross-sectional area
(cm?), and [ is the thickness of the membrane (cm). The thickness
represents an average of three measurements taken utilizing a dig-
ital micrometer (Mitutoyo, Aurora, IL). Dry membranes were tested
at room temperature (23 °C), where the relative humidity was 20%.

o

2.4.2. Uniaxial tensile testing

The Kawabata KES-G1 tabletop uniaxial testing machine was
utilized to determine mechanical properties of dry electrospun
membranes containing variable amounts of carbon black before
and after cross-linking. Membranes measuring 5.0cm x 0.5cm
were mounted in “C”-shaped holders that were cut prior to the
application of a 0.02s~! strain rate. Young’s modulus (MPa), ulti-
mate break strain (%), and ultimate tensile strength (MPa) were
calculated as previously described (Schiffman & Schauer, 2007). The
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raw data was normalized by accounting for the areal density of each
sample tested. The testing was conducted at room temperature
(23°C).

3. Results and discussion
3.1. Characteristics of carbon black-chitosan solutions

Numerous parameters - polymer, solution, operations - impact
the electrospinability of a polymer solution (Schiffman & Schauer,
2008). Previously, various molecular weights and degrees of
deacetylated chitosan have been electrospun utilizing the solvent,
triflouroacetic acid (TFA). The conductivity (Figures S1 and S2) and
viscosity of chitosan varies greatly depending on the given acid and
its concentration since chitosan’s degree of protonation depends on
the pK; of the acid used to solubilize the chitosan (Rinaudo, Pavlov,
& Desbriéres, 1999). TFA facilitates electrospinning as it forms salts
with the amino groups on chitosan, which destroys the strong inter-
action between the chitosan molecules and allows for a critical
polymer chain entanglement to ensue (Hasegawa, Isogai, Onabe,
& Usuda, 1992; Schiffman & Schauer, 2007).

Applied voltage was held constant at 25kV to electrospin
all chitosan and carbon black-chitosan solutions; other system
parameters had to optimized. While pure chitosan\TFA solutions
electrospun with a needle-to-target separation distance and a solu-
tion advancement speed of 6.4cm and 1.20mL/h, respectively,
carbon black-chitosan\TFA solutions required an increased sep-
aration distance of 16 cm and decreased advancement speed of
0.08 mL/h.

3.2. Characteristics of electrospun carbon black-chitosan
membranes

Chitosan membranes were successfully electrospun with
increasing amounts of carbon black incorporated as qualitatively
confirmed by the dramatic color changes apparent in Fig. 1. At
0wt% carbon black, the fabricated membranes appeared white,
whereas at the highest loading, 62.5 wt%, they were black. Histori-

A) 0 Wt%

y

B) 2.5 wt%

Fig. 1. Digital images of electrospun carbon black-chitosan membranes display an
apparent deepening of color which qualitatively confirms that an increasing con-
centration of carbon black has been incorporated within the fibers. From left to right,
0-62.5 wt% carbon black. Weight percent was calculated in reference to the initial
mass of chitosan.

cally, carbon blacks have been utilized as pigments for textiles and
ink (Li & Sun, 2007; Wypych, 1999). Thus, the deepening in color
displayed by the membranes after each subsequent loading of car-
bon black is a visual confirmation that an increasing incorporation
of carbon black particles has been achieved. After electrospinning
the carbon black-chitosan solutions, the membranes were subse-
quently cross-linked with glutaraldehyde (GA) vapor to increase
their chemical stability (Schiffman & Schauer, 2007).

FESEM determined that all cross-linked electrospun membranes
consisted of fine, continuous, randomly accumulated fibers. Cross-
linking does not alter the fiber morphology (Schiffman & Schauer,
2007). The micrograph in Fig. 2A displays a cross-linked chi-
tosan membrane, which did not contain any carbon black. These
fibers all appear to be cylindrical and were determined to have an
average fiber diameter of 172 & 75 nm. Fig. 2B is a composite mem-
brane loaded with 2.5 wt% carbon black, the lowest weight percent
loading evaluated in this study. Chitosan can be used to help dis-
perse carbonaceous materials, such as multiwall carbon nanotubes
(lamsamai, Hannongbua, Ruktanonchai, Soottitantawat, & Dubas,
2010). Therefore, at the lower concentration of carbon black, we
hypothesize that 66.94+16.2 nm diameter particles are relatively
well dispersed by the chitosan. These fibers appeared to have a
similar morphology to the ones that did not contain any carbon
black. In general, individual fibers were smooth and continuous.
Their average fiber diameter was 234.5 +180.5 nm. The average

C) 25.0 wt%

Fig. 2. FESEM micrographs displaying cross-linked electrospun chitosan membranes fabricated with (A) 0 wt%, (B) 2.5 wt%, (C and D) 25.0 wt%, and (E and F) 62.5 wt% carbon
black. Small agglomerations of carbon black are observed within the white circles in micrograph (B). For micrographs (A-E), bulk electrospun fibers were imaged; whereas
for (F), FIB milling was conducted to elucidate a cross-sectional view of a carbon black-chitosan membrane.
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and standard deviation was larger than that of the pure chitosan
membranes, which can be attributed to the few instances wherein
the incorporated carbon black was apparent, circles in Fig. 2B. In
these instances, close investigation reveals that the fibers have a
wrinkled and bumpy morphology.

Micrographs displaying the overall and an expanded region
of the fiber morphology present in membranes electrospun from
25.0 wt% carbon black-chitosan solutions are displayed in Fig. 2C
and D, respectively. Herein, changes in the fiber morphology due
to the incorporation of carbon black particles are apparent. At this
weight loading, the fibers lose their smooth cylindrical shape in the
regions where the agglomerates have formed. Agglomerations of
carbon black particles are visually present parallel with the long-
axis of individual fibers. At 25.0 wt% carbon black incorporation,
the average fiber diameter was determined to be 396.6 +216.9 nm.
In Fig. 2D, there are fibers within the membranes, which measure
approximately 100 nm in diameter; these areas may or may not
contain carbon black nanoparticles. The fiber diameters wherein
carbon black is agglomerated measure up to 700 nm in diameter.
Cross-linked membranes containing 62.5 wt% carbon black are dis-
played in Fig. 2E. The fibers within these membranes displayed the
largest amount of variation in terms of both fiber diameter and
agglomeration. Specifically, some of the fibers within this mem-
brane remain very thin 100 nm, while occasionally others display
larger agglomerations of carbon black than observed at lower car-
bon black loadings. For instance, the fiber imaged at the bottom
left of Fig. 2E measures 1.5 wm in diameter at its widest point. In
reference to the variation in agglomeration, the carbon black either
appears as a small clump, along a fiber (similar to the 25.0 wt% load-
ing), or as a very large agglomeration along the fiber axis. As aresult
of this variation, calculating a meaningful average fiber diameter
was not possible.

The micrograph in Fig. 2F is of a 62.5 wt% carbon black-chitosan
membrane, which has been FIB milled to reveal the cross-section of
individual fibers. The micrograph displays that within the fibers, the
carbon black nanoparticles agglomerate. Between the agglomer-
ates, significant porosity (black spots) is observed. We hypothesize
that the carbon black nanoparticles are effectively held in place
and housed within a shell of the chelating chitosan matrix. These
hypotheses are further supported in following section.

Chuangchote, Sirivat, and Supaphol (2007) reported that the
incorporation of up to 10wt% carbon black into electrospun
poly(vinyl alcohol) fibers did not alter the FTIR spectra or XRD
pattern of the membranes. However, we observe changes in both
the FTIR spectra at 2.5 wt% and XRD pattern at 6.25 wt% loading of
carbon black, Figures S3 and S4, respectively.

We hypothesize that the chitosan is chelating carbon black
particles, yet retaining enough free amine groups to allow for cross-
linking to ensue. Upon the incorporation of as low as 2.5 wt% carbon
black nanoparticles, we observe the formation of a split peak at
1260 cm! due to the bending vibration of the O-H groups (Wang,
Du, & Fan, 2005). Successful cross-linking by the GA-vapor to the
carbon black-chitosan membranes is confirmed the disappearance
of the C=N imine peak at 1560 cm~!; thus indicating that a Schiff
base imine functionality has occurred due to a loss of the free
amine peak (Schiffman & Schauer, 2007; Tual, Espuche, Escoubes,
& Domard, 2000).

XRD conducted on carbon black powder displayed a broad peak
at 26 =26.08° (having a d-spacing of 3.41 A). This peak is consistent
with previous findings (Lalande et al., 1995) and did not inter-
fere with the five commonly observed crystalline reflections (02 0),
(110),(040),(120),and (13 0)that chitosan displays for 26 values
between 5° and 27° (Feng, Liu, & Hu, 2004; Wada & Saito, 2001).
Diffraction patterns of 2.5 wt% carbon black-chitosan membranes
displayed the same peak locations and intensities as pure chitosan
membranes (Schiffman et al., 2009). However, upon increased car-
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Fig.3. Plotdisplaysthe conductivity (o) of electrospun carbon black-chitosan mem-
branes and bulk carbon black pellet. Average conductivity values were determined
by testing at least three different electrospun membranes. Standard deviation is
displayed.

bon black loading to 6.25 wt% or greater, all diffraction peaks were
lost as displayed in Figure S4. This indicates that there is a differ-
ence in the amount of carbon black between the low and higher
carbon black loaded membranes.

3.3. Performance of electrospun carbon black—chitosan
membranes

Chemical stability studies revealed that all as-spun (non-
cross-linked) membranes disintegrated instantly upon contact
with acidic and aqueous solutions. However, cross-linked carbon
black-chitosan membranes were robust when immersed in acidic,
basic, and aqueous solutions for 20 days. Time intervals longer than
20 days were not tested. All loadings: 0, 2.5, 25.0, 50.0, and 62.5 wt%
carbon black behaved similarly after the 15 min, 72 h, and 20-day
evaluations. All membranes could be removed from the solutions
and exhibited shape and color retention. Additional visual inspec-
tion of the remaining solutions from which they were removed did
not indicate a color change, or any signs that carbon black from
the fibrous membranes was present. It should be noted that since
carbon black is a powerful dye, solutions which contain a very low
amount, 0.03 g/30 mL or 0.1 wt% of carbon black nanoparticles still
visually appear to have particles in them (image not shown). Hence,
we believe that the carbon black, even at a 62.5 wt% loading, is in
fact incorporated and immobilized in the electrospun membranes.

The electrical conductivity (o) of the thin, flexible carbon
black-chitosan membranes, was determined by measuring their
resistance (R) utilizing AC impedance spectroscopy and taking into
account the thickness and cross-sectional area of the membrane.
Table S1 displays average membrane thicknesses and conductiv-
ity. Reliable resistivity data was repeatedly acquired on the plane
normal to the electrospun membranes. Conductivity data could be
categorized into three ranges, which increased as a function of car-
bon black content, see Fig. 3. Pure chitosan membranes, i.e. 0 wt%
carbon black were found to have conductivities on the order of
1.14x 1078 £9 x 102 Scm~!. Membranes that contained 2.5 wt%
or 6.25 wt% carbon black had conductivities three orders of magni-
tude higher, and membranes that contained 62.5 wt% carbon black
had conductivities of 0.109 + 0.05S cm~. For comparison, the con-
ductivity of a 6.5mm thick carbon black pellet, which was hard
packed without the use of potassium bromide (KBr) or other chem-
icals was determined to be 119.0+0.2Scm™'. When taking the
conductivities of the electrospinning solutions, the chitosan to TFA
solvent ratio played a key role. However, during the electrospin-
ning process, most of the solvent evaporates (Schiffman & Schauer,
2008). While remnant TFA might be present, this value would be
constant in all membranes.
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Fig. 4. Bar graphs display the average ultimate tensile strength (left axis) and
Young’s modulus (right axis) of as-spun and cross-linked electrospun carbon
black-chitosan membranes. Three samples were averaged for each measurement,
standard deviation is displayed but small.

It is also known that the electrical properties of carbon
black-polymer composites vary dramatically as a function of the
dispersion, shape, and orientation of the carbon black particles. It
is important to note that chitosan is an insulating polymeric mate-
rial and thus tunneling will be prevented in the fiber areas that do
not contain carbon black, where the carbon black particles are too
disperse, or whenever the polymer shell around the carbon black
is too thick (Balberg, 2002).

The mechanical properties of electrospun composite mem-
branes are a function of a number of factors, including the
constituents of the composites, the structure of the fibers, bonding
between the fibers, orientation of the fibers within the membrane,
and the movement of the individual fibers past one another. Due
to the method of analysis used, the mechanical properties of the
membrane as a whole are obtained, rather than that of the individ-
ual fibers (Lee, Kim, Ryu, Kim, & Choi, 2003; Wang, Jin, Kaplan, &
Rutledge, 2004).

Figs. 4 and 5 display the results of the uniaxial tensile testing
of as-spun and cross-linked carbon black-chitosan membranes.
Upon the incorporation of carbon black into the chitosan mem-
branes, all mechanical properties were found to decrease. This
was not surprising since a key reason for decreasing the perco-
lation threshold within conductive polymer composites is to retain
mechanical properties (Dai, Xu, & Li,2007). Nevertheless, the extent
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Fig. 5. Displays average break strain (%) of as-spun and cross-linked electrospun
carbon black-chitosan membranes. Three samples were averaged for each mea-
surement, standard deviation is displayed. Inset digital images display the breaking
behavior observed for all as-spun and cross-linked carbon black-chitosan mem-
branes.

to which the incorporation of carbon black nanoparticles decreased
the mechanical properties was of interest. Ultimate tensile strength
decreased by an order of magnitude for both the as-spun and the
cross-linked membranes. Additionally, much lower break strains
were observed for all carbon black containing membranes. For
example, the as-spun break strain was 12 +0.3%, whereas for as-
spun fibers containing 2.5 wt% carbon black it was 0.28 4 0.03%.

When the pure chitosan membranes were tested, first the indi-
vidual fibers randomly aligned along the tensile pull axis, and
then experienced an increase in the allowable stresses until failure
(Schiffman & Schauer, 2007). This increase is a result of the large
number of fiber-to-fiber contacts, which intrinsically provided a
high cohesive force. The decrease in mechanical properties that the
as-spun carbon black-chitosan membranes displayed could be a
result of the rigid carbon black nanoparticles acting as defects. Pos-
sibly, there was poor interfacial bonding (Chuangchote et al., 2007;
Supaphol, Harnsiri, & Junkasem, 2004) between individual fibers,
as was supported by the visual appearance of how the as-spun
membranes failed. The inset digital images in Fig. 5 are of as-spun
and cross-linked 62.5 wt% carbon black-chitosan membrane sam-
ples post-mechanical testing. The “C” shaped sample holder is close
to its original position; the initial gauge length and sample width
were 5.0cm and 0.5 cm, respectively. The carbon black may have
caused a planar shearing, rather than the membrane experiencing
a strong bonding between the fibers prior to their breaking during
the uniaxial tensile test. This layer shearing occurred for all as-spun
carbon black-chitosan membranes, thus supporting the theory of
weak interfacial bonding within the composite. Also, FIB micro-
graphs demonstrated that individual fibers are porous, which also
could decrease the bulk mechanical properties.

The cross-linked carbon black-chitosan membranes did not
shear into layers and their stress-strain curves exhibited a distinct
maximum. This was due to the fact that cross-linking of the fibers
with GA-vapor restricted them from slipping past each other since
they were point-bonded together.

Chuangchote et al.(2007) and Hwang et al. (2007) have mechan-
ically tested electrospun membranes of poly(vinyl alcohol)-carbon
black (0-10wt%) and PU elastomer (Pellethane 2103-70A)-carbon
black (0-9.46 wt%), respectively. Chuangchote et al. found that
membranes containing 8 wt% carbon black had the highest Young’s
modulus (162.2 +37.4 MPa) whereas Hwang et al. found that the
9.46 wt¥% carbon black had the highest value (3.75 + 0.86 MPa). The
Young’s modulus of Chuangchote et al.’s and Hwang et al.’s mem-
branes before the addition of carbon black were 80.6 +27.2 MPa
and 0.744+0.16 MPa, respectively. The highest tensile strength
value was reported for 3.65wt% carbon black for Hwang'’s elas-
tomer (7.48 +1.02 MPa). However, Chuangchote et al. noted that
PVA membranes, similar to our chitosan ones, containing no car-
bon black had the highest tensile strength (7.37 + 2.7 MPa). Finally,
in agreement to our findings, both studies determined that pure
membranes, i.e., which did not contain any carbon black exhibited
the highest elongation at break (162.2 +37.4% for Chuangchote et
al. and 613.51 +32.06% for Hwang et al.).

4. Conclusion

For the first time, the successful electrospinning of car-
bon black-chitosan membranes have been demonstrated and
their morphological and chemical changes studied. The con-
ductivity of the thin, flexible membranes increased from
1.14x108+9x10"9Scm~! to 0.109+0.05Scm™! by increasing
the concentration of carbon black within the natural polymer
fibers from 0 to 62.5 wt%. After cross-linking, the fabricated car-
bon black-chitosan membranes exhibited chemical stability for 20
days in aqueous, acidic, and basic solutions.
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