Polymer(Korea), Vol. 40, No. 6, pp. 998-1004 (2016)
http://dx.doi.org/10.7317/pk.2016.40.6.998

H7|2ZAtol 25t

EZo|o|e2l SAlo|=2} Nitrogen2Z 7|s3}HE

ISSN 0379-153X(Print)
ISSN 2234-8077(Online)

dE2(of dERRA

L3257 SEtHlel LhoMR MEet S oIt

S
Foeiaha, Belaa, A7 ]eln] 4o Tas

(2016 84 9 H<, 2016W 99 1€ 74, 2016 9¥ 4 A€])

Preparation and Thermal Properties Evaluation of Polyethylene Oxide and
Nitrogen-Functionalized Bacterial Cellulose Nanowhisker Composite
Nanofibers via Electrospinning

Ok Ja Yoon'

Department of Physics, Institute of Innovative Functional Imaging, Chung-Ang University, Seoul 06974, Korea
(Received August 9, 2016; Revised September 1, 2016; Accepted September 4, 2016)

Z5: 2 A7 SFoEd SAlol=/Aay)7E P9 ol AE2 e Yie$| 27| (PEO/N-BCNWs) 53 1t
465 XVJro}?iE‘r. PEO/N-BCNWs 53t vhedl-fre ZE]oddll SAlo|= vieidf, Zgjoddll SAfe| =/t

#70] 7¥zo] AL FUsPl BAHALS WIS, 2
a7 A omRE §Holt 245

o} A2z o i3] A7 Bal LAl g
%%k B0 #HE ash7} B Yoo

9} 1] 3Lalo]

s1aia). e AR AL

=7 s 71 mEb aE AL °lu S A1 = ek oY AAE2HH 755 N-BCNWsS =
**1 E3ske v fre] 44 54 WSk E91E S AL vlol o Al 5o §-80] 7Fed Ao dAdtEn

Abstract: Composite of polyethylene oxide (PEO)/nitrogen-containing bacterial cellulose nanowhiskers (N-BCNWs)
were prepared using an electrospinning method and compared to electrospun PEO and composite of PEO/bacterial cel-
lulose nanowhiskers (BCNWs). N-BCNWs were prepared by plasma treatment of BCN'Ws using a microwave oven, after
which the presence of nitrogen-containing functional groups (2.74%) on their surface was confirmed. The diameter of
the electrospun PEO/N-BCNWs was smaller than that of PEO/BCNWs composite nanofibers with the same PEO and
BCNW concentrations. The weight losses, melting temperature and crystallization temperature of PEO/N-BCNWs were
also lower than those of the other electrospun samples. These results show that the nitrogen-functionalized BCNWs used
as a filler in the PEO polymer are suitable for application in humidity sensor and biomedical fields.

Keywords: polyethylene oxide nanofibers, nitrogen functionalization, bacterial cellulose nanowhisker, thermal properties

evaluation, microwave oven.

Introduction

Polyethylene oxide (PEO) is a water soluble polymer that
has been classified as an eco-friendly material because it is
non-toxic, biocompatible, and biodegradable.! PEO is now
widely applied in biomedical fields,”* as an electrolyte,® and
humidity sensor.” However, PEO has poor mechanical prop-

erties and is very fragile.* Previously, researchers reported
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that the mechanical properties of electrospun PEO with incor-
porated bacterial cellulose whiskers (BCWs) improved with
increasing cellulose whisker concentration (0.2 and 0.4 wt%)
by increasing the nanofiber diameter. Incorporation of 0.4 wt%
cellulose whiskers improved the tensile modulus, tensile
strength, and elongation of electrospun PEO by 193.9, 72.3
and 72.3%, respectively."” In addition, the incorporation of 0-
20 wt% wood-based cellulose nanocrystal (CNC) into (5 and
7 wt%) led to formation of PEO/CNC composite nanofibrous
mats with both homogeneous and heterogeneous microstruc-
tures due to the high PEO/CNC concentration in the mixture.
The thermal and mechanical properties of heterogeneous
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microstructures were enhanced compare to homogeneous
microstructures.'!

Bacterial cellulose (BC) has been used in various composite
materials for many different applications, including as a filler
in polymers,'>! transparent and electro active paper,'*! tissue
engineering,'® food industry,'” drug delivery systems,'® opto-
electronic device,” and organic light emitting devices.” BC
synthesized by Gluconacetobacter xylium has a high crys-
tallinity and ultrafine structure (< 100 nm diameter),”'? and its
mechanical properties are superior to those of cellulose extract
from plants.” In addition, bacterial cellulose nanowhiskers
(BCNWs), where the BC was treated by acid hydrolysis have
been reported to have high aspect ratio and good dispersion.?
BCNW surfaces contain carboxyl and hydroxyl groups, while
nitrogen-functionalized BCNWs (N-BCNWs) have nitrogen-
containing groups suitable for biomedical applications, such as
enhancing cell adhesion and viability.>® Previously, we have
reported composite nanofibers made from polymers with
enhanced mechanical and thermomechanical properties, as
well as nitrogen or amine plasma-treated carbon materials that
showed biological affinity.® However, the preparation of PEO/
N-BCNW composite nanofibers and evaluation of their ther-
mal properties have not yet been investigated.

In this study, we prepared N-BCNWs using plasma treat-
ment with a microwave oven and investigated the effects of N-
BCNWs embedded into electrospun PEO. Electrospun PEO,
PEO/BCNWs, and PEO/N-BCNWSs were fabricated by an
electrospinning method. The electrospun PEO/BCNWs and
PEO/N-BCNWs were classified according to the concentration
of BCNWs and N-BCNWs (0.3 and 0.5 wt%, respectively)
embedded in the electrospun PEO. The morphology and ther-
mal properties such as weight loss, melting temperature (77,),
and crystallization temperature (7;) in all sample types were
compared.

Experimental

Fabrication of BCNWs and N-BCNWs. Bacterial cel-
lulose (BC) produced by Gluconacetobacter xylium was pur-
chased from the Korean Culture Center of Microorganisms
(KCCM, No. 41431). The culture medium was a mixture con-
sisting of yeast extract (Becton Dickinson and Company,
Sparks, Maryland, USA), peptone (Becton Dickinson and
Company, Sparks, Maryland, USA), and D-mannitol (99.0%,
Samchun Pure Chemical Co., Ltd) in quantities of 0.75, 0.45,
and 1.5 g, respectively. The medium was adjusted to pH 4 and

autoclaved at 120 °C for 20 min. The inoculated bacterial cells
were pre-cultured by the static culture method”” for 12 h at
26 °C and the resulting BC pellicles were purified using 38 um
filter paper. A 3% bacterial cell suspension was then trans-
ferred to fresh medium (400 mL) and a film of BC pellicles
was formed by growth at 26 °C for 20 days. To obtain purified
BC, the bacteria in the BC pellicles were removed by boiling
in a 1 M aqueous NaOH solution for 30 min. The BC had a
neutral pH after several rinses with distilled water. Purified BC
pellicles were put in 65 wt% sulfuric acid and stirred at about
70 °C for 2 h. BCNWs were obtained by repeated rinsing in
distilled water and centrifugation at 14000 rpm for 30 min
(resulting in a neutral pH). Purified BCNW powders were
obtained by freeze drying. The N-BCNWs were prepared by
N, plasma treatment of BCNWs using a microwave oven. The
BCNWs were placed in a 320 mL glass lock, into which N,
gas was injected through a gas tube. The glass lock was
located in a microwave oven (LG electronics, MW-209EC,
Korea) and the N, plasma treatment was carried out at 2450
MHz for 2 min.

Preparation of Electrospun PEO, PEO/BCNWSs and
PEO/N-BCNWs. BCNW and N-BCNWs (0.3 and 0.5 wt%)
were mixed with deionized water (DW) and dispersed through
ultrasonication for 2 h. PEO with a viscosity molecular weight
(M,) of 400000 g'mol” was purchased from Sigma Aldrich,
USA. An 8 wt% PEO solution was prepared in DW and either
the BCNWs or N-BCNWs were added to prepare the desired
concentration (0.3 or 0.5 wt%). These solutions were homog-
enized using a magnetic stirrer for 5h. The electrospinning
process involved placing the prepared solutions in a 10 mL
syringe with a 21G needle. The polymer solution was supplied
to the needle tip by a syringe pump with a rate of 0.1 mL/h. A
voltage of 13.1 kV was applied between the needle tip (anode)
and a collecting plate (cathode) at a distance of 18 cm. As a
result of the evaporation of the DW solvent from the polymer
solution and the applied electric field, the electrospun sheets
with a thickness of about 7+0.3 um (N=5) were formed.

Characterization of Electrospun PEO, PEO/BCNWs,
and PEO/N-BCNWs. The morphology and thickness of the
electrospun samples were measured using field emission scan-
ning electron microscopy (FE-SEM; JSM 7500F, JEOL Ltd.,
Japan). Images of BCNWs and N-BCNWs embedded in PEO
nanofibers were taken using high-resolution scanning trans-
mission electron microscopy (HR-STEM; Tecnai G*-F30,
USA). The surface chemical properties of BCNWs and N-
BCNWs were investigated by X-ray photoelectron spectros-
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copy (XPS; PHI Quantera-II, Japan). XPS spectra were mea-
sured using a pass energy of 20 eV with non-monochromatic
Al Ka radiation (195 W) over a wide scan range (1-1000 eV).
The hydrocarbon Cls peak at a binding energy of 285 eV was
used as a reference for the core-level signals. Spectral analysis
of the peak shape was performed by Gaussian fitting. Chemical
and structural analysis of all composite nanofibers were
performed with Fourier-transform infrared spectrophotometry
(FTIR; Nicolet 6700, Thermo Scientific Corp., USA). The
FTIR spectra were obtained by 32 scans taken a resolution of
4cm™ in frequency range of 4000-650 cm™.
Thermogravimetric analysis (TGA) was performed using a
thermobalance (TG/DTA 7300, Seiko Instruments) of 8.8 mg
at a heating rate of 10 °C/min under a flow of nitrogen gas.
Differential scanning calorimetry (DSC; DSC 6100, Seiko
Instruments) was performed on a sample with an initial weight
of about 6.8 mg under a flow of nitrogen at a heating rate of
5°C/min. The analysis involved increasing the temperature
from 23 to 300 °C followed by continuous cooling to 23 °C.
TGA and DSC measurements were performed in duplicate.

Results and Discussion

Morphology and Characteristics of BCNWs and N-
BCNWs. An SEM image of some BCNWs showing the
microcrystalline structure (diameter: <100 nm, aspect ratio:
58.18+12.05 (N=20)) consisting of nanofibers and microfiber
bundles is shown in Figure 1(a). After N, plasma treatment
(Figure 1(b)), no morphological changes or surface damage
was observed on the N-BCNWs compared to the BCNWs.
The Cls, Ols and Nls peaks of the BCNW and N-BCNW
samples identified with XPS are shown in Figure 2(a-¢) and
the atomic concentration of C, O, and N on each sample
surfaces are shown in Table 1. The Cls regions of the BCNWs
consist of four components; at 284.3 eV (C=C), 285.3 eV (C-
C and C-H), 287.3 eV (O-C-0), and 288.2 eV (O-C=0). The
Ols peak from the BCN'Ws consisted of three contributions; at
530.8 eV (C=0), 532.3 eV (C-0), and 533.9 eV (O=C-O/O-
C=0).* The Cls regions of the N-BCNWs appeared at
284.1, 285.7, 286.9 and 287.2 eV. The peaks of at 286.9 eV
confirmed a slight shift with respect to that of BCNWs (at
288.2 V). The Ols region of N-BCNWs was similar as that
of BCNWs with contributions at 530.7, 532.2 and 533.3 eV.
The oxygen-carbon ratio (O/C) on the surface of N-BCNWs
increased with 137% compare to that of BCNWs.” The
nitrogen content of the N-BCNWs was measured as 2.74%
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and the N1s spectrum showed a peak with 399.5 eV (pyridine
region), consistent with Pertile et al., who previously reported
that the N1s region decomposed into only one peak with a
binding energy of 400.3 eV.”® The above XPS data clearly
confirmed the formation of nitrogen-containing functional
groups on the surface of the BCNWs as a result of the plasma
treatment.

Morphology of Electrospun PEO, PEO/BCNWs, and
PEO/N-BCNWSs. The morphology of the electrospun PEO,
PEO/BCNWs, and PEO/N-BCNWs as a function of the
BCNWs and N-BCNWs concentration is shown in Figure 3.

The diameter of the PEO nanofibers shown in Figure 3(a)
were 0.5740.2 pum (N=20), whereas those of the electrospun

Figure 1. Morphology of (a) BCNWs; (b) N-BCNWs.
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Figure 2. X-ray photoelectron spectroscopy (XPS) analysis of
BCNWs (a) Cls; (b) Ols. XPS analysis of N-BCNWs: (c) Cls; (d)
Ols; (e) Nls.
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Table 1. C, O, and N Concentrations Calculated from XPS
Spectra of the BCNWs and N-BCNWs Shown in Fig. 2

BCNWs N-BCNWs
Cls 75.16% 66.89%
Ols 24.82% 30.37%
Nls 2.74%

PEO/BCNWs and PEO/N-BCNWs at a concentration of
0.3 wt% were 0.67+0.23 and 0.59+0.10 um (N=20), respec-
tively, shown in Figure 3(b) and 3(c). At a concentration of
0.5 wt%, the diameters of electrospun PEO/BCNWSs and
PEO/N-BCMWs were 0.84+0.28 and 0.64+0.13 um (N=20),
respectively, shown in Figure 3(d) and 3(e).

The diameter of electrospun PEO/BCNWs was relatively
larger due to the concentration of BCNWs (0.3 and 0.5 wt%)
and presence of some thicker nanofibers. The diameter of the
PEO/N-BCNWSs, on other hand, was more uniform, also
increased with a higher N-BCNWs concentration, but was on
average slightly smaller than that of the PEO/BCNWs at the
same concentration. Other researchers have reported previ-
ously that electrospun PEO with BCNWs at 0.2 and 0.4 wt%
showed an increase in the fiber diameter according to the cel-
lulose whisker concentration, which corresponded with
enhanced mechanical properties.' Other studies fabricated
PEO/CNC composite nanofibrous mats with homogeneous
and heterogeneous microstructures due to the high concen-
trations of CNC." In addition, we reported in our previous
research that the diameter of composites of electrospun poly
[(D,L-lactic)-co-(glycolic acid)] (PLGA) and amine plasma
treated single-walled carbon nanotubes (a-SWCNTs) decreased
compared to that of electrospun PLGA/untreated SWCNT
because the surface energy of a-SWCNTs is larger than that of
untreated SWCNTs, and the observed morphological differ-
ences affected the mechanical properties of the electrospun
samples.”® The morphological change of electrospun PEO/N-
BCNWs compare to electrospun PEO/BCNWs showed a sim-
ilar trend as in our previous our reports.

The internal structures of electrospun PEO incorporating
BCNWs or N-BCNWs were investigated using HR-STEM, as
shown in Figure 4. Compared to the BCNWs, the N-BCNWs
were distributed more uniformly along the orientation of the
nanofiber in the electrospun PEO.

The FTIR spectra of BCNWs and N-BCNWs are shown in
Figure 5(a) and (b); the feature at wave-numbers 3338 cm™
corresponds O-H stretching vibration, that at 2913 cm™ to CH,

Figure 3. Field emission scanning electron microscopy (FE-SEM)
images of electrospun (a) polyethylene oxide (PEO); (b) PEO/
BCNWs (0.3 wt%); (¢) PEO/N-BCNWs (0.3 wt%); (d) PEO/
BCNWSs (0.5 wt%); () PEO/N-BCNWs (0.5 wt%).

Figure 4. High-resolution scanning transmission electron micros-
copy images of electrospun (a) PEO; (b) PEO/BCNWs (0.3 wt%);
(c) PEO/N-BCNWs (0.3 wt%).

stretching and those at 1427, 1335 and 1159 cm™ to C-C
stretching vibration. The peak 1107 cm™ and 1054 cm™ were
assigned to skeletal/vibrations and ring vibrations, respectively.
The peak of 1648 cm™ indicates the deformation vibration of
the absorbed water molecules.***' The region around 1540 cm™
for N-BCNWs indicates C-N stretching vibrations due to
nitrogen functionalization.?

The FTIR spectra of electrospun PEO, PEO/BCNWs and
PEO/N-BCNWs (0.3 and 0.5 wt%) are shown in Figure 5(c)-
(g). The peaks of electrospun PEO were observed at 2883 cm’
(CH, stretching), 1467 cm™ (C-H bending mode), and 1341 cm’
(CH, wagging). Other peaks were observed at 1279, 1240 and

Polymer(Korea), Vol. 40, No. 6, 2016
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Figure 5. Fourier transform infrared spectra of (a) BCNWs; (b) N-
BCNWs; electrospun of (c) PEO; (d) PEO/BCNWs (0.3 wt%); (e)
PEO/N-BCNWs (0.3 wt%); (f) PEO/BCNWs (0.5 wt%); (g) PEO/
N-BCNWs (0.5 wt%). The insert is the magnified image of amide
IT peaks.

1096 cm™ (C-O-C stretching), 960 cm™ (CH, wagging), and
841 cm™ (C-O-C bending).”* All composite nanofibers did not
show any spectral changes compare to electrospun PEO due to
the small concentration of BCNWs and N-BCNWs. However,
weak peaks at 1541 and 1579 cm™ for electrospun PEO/N-
BCNWs could be identified as amide I peaks corresponding
to the C-N stretching bond and in-plane N-H bend.*
Thermal Properties Evaluation of Electrospun PEO,
PEO/BCNWSs and PEO/N-BCNWs. The themal properties
of the electrospun samples were measured using TGA and
DSC. The TGA curves in Figure 6 show weight loss as a func-
tion of temperature. Similar to electrospun PEO, the composite
nanofibers experienced almost no weight loss between 228 and
360 °C, and their decomposition temperature were observed at

(a)

»2nd Heating
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—— PEO/BCNWS (0.3 wt.%)
—— PEO/N-BCNW (0.3 wt.%)
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Figure 6. Thermogravimetric analysis (TGA) curves of weight as a
function of measurement temperature of electrospun PEO, PEO/
BCNWs, and PEO/N-BCNWs. The magnified image inserted over
430 °C (arrow).

430 °C. The total weight loss values for the electrospun PEO,
PEO/BCNWs, and PEO/N-BCNWs are shown in Table 2. The
weight loss of electrospun PEO/BCNWs and PEO/N-BCNWs
was lower than electrospun PEO, and the residual amount of
electrospun PEO/N-BCNWs was increased slightly about 1.4
and 1.5% at 0.3 and 0.5 wt% concentration, respectively, com-
pared to electrospun PEO/BCNWs. This indicates that the
thermal characteristics were enhanced by the improved chem-
ical bonding between the N-BCNWs and the PEO polymer
chains.

The DSC results in Figure 7(a) and (b) show the heat flow
as a function of temperature for all electrospun samples, indi-
cating the T;, and T values, respectively, by the peak positions.
No glass transition temperature (7,) peaks were observed. The
T,, values under the second heating and 7, values under the

——PEO (b)
—— PEO/BCNW (0.3wt.%)

—— PEO/N-BCNW (0.3wt.%)

—— PEO/BCNW (0.5wt.%)

—— PEO/N-BCNW (0.5w.%)

- Cooling

Heat flow (W/g)

0 60 80 100 120 140
Temperature("C)

Figure 7. DSC thermograms as a function of measurement temperature of electrospun PEO, PEO/BCNWs, and PEO/N-BCNWs.
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Table 2. Weight Loss, Melting Temperature (7,,), and Crystallization Temperature (7;) Data Extracted from the TGA and DSC

Curves
Electrospun PEO/BCNWs Electrospun PEO/N-BCNWs
Electrospun PEO
0.3 wt% 0.5 wt% 0.3 wt% 0.5 wt%
Weight loss(%) 97.17 96.08 95.44 94.37 92.89
Tw(°C) 73.78 72.26 71.81 70.10 67.70
T.(°C) 39.33 38.35 35.03 33.24 32.97

cooling conditions for the electrospun PEO, PEO/BCNWs,
and PEO/N-BCNWs are shown in Table 2. The T,, and T val-
ues of the electrospun PEO/N-BCNWs were slightly lower
than those of the electrospun PEO and PEO/BCNWs at the
same concentration. For both the PEO/BCNW and PEO/N-
BCNW samples, the 7,, and 7, values decreased with increas-
ing concentration of cellulose nanowhiskers. Similar thermo-
dynamical properties have been investigated for electrospun
EVOH/BCNWs composite nanofibers® and electrospun PEO/
CNC composite nanofibrous mats."" Those studies reported
that when BCNWs and N-BCNWs were added as fillers, they
interrupted the crystallization of PEO chains during the elec-

trospinning process.'**

Conclusions

The morphological, chemical, and thermal properties of
electrospun PEO, PEO/BCNWs and PEO/N-BCNWs were
investigated in order to understand the effects of BCNWs and
N-BCNWs when incorporated within the polymer. BCNWs
were cultured by Gluconacetobacter xylium and prepared by
freeze drying. Nitrogen-functionalized BCNWs were success-
fully fabricated without inducing defects using N, plasma
treatment in a microwave oven. The electrospun PEO, PEO/
BCNW, and N-BCNW samples were fabricated with BCNW
and N-BCNW concentrations of 0.3 and 0.5 wt% by elec-
trospinning. The nitrogen groups on the surface of the N-
BCNWs bonded with the hydroxyl groups in the PEO poly-
mer, resulting in enhanced chemical bonding. The diameter of
the electrospun PEO/N-BCNWs was slightly smaller than that
of the PEO/BCNWs at the same concentration. The weight
loss, T;,, and T; values of electrospun PEO/BCNWs and PEO/
N-BCNWs decreased with an increase in the concentration of
nanowhiskers, and the values for the PEO/N-BCNWs were
slightly smaller than those of the PEO/BCNWs at the same
concentration. The ash content of nitrogen-containing samples
after TGA confirmed the increased weight compare to other

samples. The obtained results demonstrate that N-BCNWs
used as a filler in PEO are suitable for various applications
such as humidity sensor and biomedical fields.
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