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Abstract Cellulose hybrid fibers (CeHFs), hybri-
dized via graphene oxide (GO) and metal ions (Ca2+),
are synthesized by dry-jet wet spinning. The synthe-
sized GO—Ca®"-CeHFs exhibit the tensile strength and
the breaking elongation of 551 + 37.5 MPa and
5.9 £+ 0.4%, respectively, while the GO/cellulose
composite fibers (GO—CeFs) show the tensile strength
of 403 + 76.0 MPa and the elongation of
4.5 £+ 0.5%:; thus, the GO—-Ca®>*t—CeHFs demonstrate
improved mechanical properties over GO-CeFs by 37
and 31% in terms of tensile strength and elongation,
respectively. These results are attributed to the metal
ions that form a good interfacial interaction between
the functional groups of cellulose and GO. In addition,
the tensile strength of GO—Ba”"—CeHFs is as high as
580 &£ 25 MPa, which is induced by the difference in
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the ionic radius. Therefore, the high mechanical
properties of the synthesized cellulose-based fibers
have the potential to be used as sustainable alternative
to the synthetic fibers used in the industrial
applications.
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Introduction

The increasing economic growth and the lack of
sustainable materials and environmental concerns
have led to the utilization of new materials from
natural resources. Cellulose, one of the most abundant
biomass on the earth, is biodegradable and environ-
mentally friendly. Therefore, cellulose-based fibers
have been gaining considerable attention and are
widely used in clothing, tire cords, interior materials
for automobile, and other industrial applications (Wu
and Farnood 2015; Sird and Plackett 2010; Zhao et al.
2007). However, the mechanical properties of the
cellulose fibers are noticeably lower than that of the
synthetic fibers; furthermore, their production costs
are prohibitively high which limits their industrials
application (Unterweger et al. 2014; Mohanty et al.
2000). To overcome these issues, carbon materials
(e.g. graphene, carbon nanotube, and carbon fiber) are
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used as fillers for the cellulose fibers matrix (Wang
et al. 2011; Domun et al. 2015). Among the carbon
materials, graphene is considered as promising filler
since it exhibits exceptional mechanical, electrical and
thermal properties within the confines of 2-dimen-
sional (2D) layer (Geim and Novoselov 2007; Zhu
et al. 2010; Stankovich et al. 2006). Graphene oxide
(GO), which is oxygenated graphene, is thermody-
namically stable than graphene and possesses oxygen
functional group; thus, it can be easily dispersed and
combined with the cellulose matrix (Dreyer et al.
2010). The GO-reinforced cellulose composites have
been extensively reviewed to study the effects of GO
for several applications including electronic devices,
sensors, energy storages, ultra-lightweight materials,
etc. (Wang et al. 2012; Yadav et al. 2013; Feng et al.
2012; Shi et al. 2014).

The interfacial bonding between the filler and the
matrix is the key factor for the properties of composite
materials. Poor interfacial bonding results in low
mechanical properties due to the presence of gaps
between the filler and the matrix (Terzopoulou et al.
2015). Recently, the development of a nano-hybrid
material that exhibits drastically different properties
has attracted great interest. Therefore research into the
development of coupling agents (e.g. metal ions) as
the 3rd component has been carried out in order to
overcome the low interfacial bonding between two
different materials (Li et al. 2015; Xu et al. 2013; Lee
and Wang 2006). The remarkable observation by
cross-linking on the bacterial cellulose has recently
been reported (Wang et al. 2017; Yang et al.
2017). The enhanced interfacial bonding between
two different materials can be attributed to the 3rd
component of the nano-hybrid material. Since the 3rd
component improves the interfacial bonding at a
nanoscale level, nano-hybrid materials with various
properties are realized through the method of interface
control. Therefore, the nano-hybrid materials can be
the potential alternative to the synthetic fibers for
many industrial applications such as automobiles,
aircrafts, and constructions, and bio-nanocomposites
(Liu et al. 2012; Li et al. 2013; Charleux et al. 2015;
Huang et al. 2015).

In this study, we show an environmentally friendly
method to fabricate GO/cellulose fibers (GO—CeFs) by
incorporating GO into the cellulose matrix using
N-methylmorpholine-N-oxide (NMMO) based sol-
vent. Likewise, metal ions are introduced as the 3rd
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component for the GO—CeFs in order to enhance the
interfacial adhesion between the cellulose and GO
(GO/cellulose hybrid fibers; GO-CeHFs). The positive
effect of the metal ions to the interaction between GO
and the cellulose is investigated in terms of structure
related mechanical properties of the GO—CeFs.

Experimental
Materials

The wood pulp (Buckeye, V-60) was used to fabricate
the cellulose fibers. The wood pulp (a-cellulose
content of 94% and degree of polymerization of 855)
was dissolved in the N-methylmorpholine-N-oxide
(NMMO) solvent (BASF, Germany). The n-porpyl
gallate (PG) was purchased from Sigma-Aldrich,
USA. For the preparation of the GO, natural graphite
flake with a purity of 99% was supplied by Alfa Aesar,
USA. Calcium chloride (CaCl,) and magnesium
chloride (MgCl,), barium chloride (BaCl,), Copper
II chloride (Cu(II)Cl,), iron II chloride (Fe(II)Cl,)
were also used from Sigma—Aldrich, USA for the post-
treatment of fibers.

Fabrication of CeFs and GO—CeFs

To prepare a spinning dope, 50% NMMO aqueous
solvent was evaporated under a reduced pressure (to
increase its concentration up to 86.7%. After the wood
pulp was dried at 120 °C for 4 h, they were mixed with
the prepared 87.6% NMMO solvent. The PG of 1 wt%
was added into the dope as an antioxidant to prevent an
oxidative decomposition during the dissolution. The
mixture was stirred for 10 min before placing in an oil
bath at 120 °C for 40 min under vacuum. In the
preparation of the GO-CeFs, 0.2 wt% of the GO to
cellulose ratio was added to the 50% NMMO solution
before increasing its concentration to 86.7%. GO was
prepared using a modified Hummers methods (Hum-
mers and Offerman 1958). The solution of GO-CeFs
was fabricated in the same way as that for the
production of CeFs.

The CeFs and GO-CeFs were synthesized by dry-
jet wet spinning with a 10 cm distance between the
spinning nozzle and coagulation bath at 105 °C. The
fabricated fibers were wound after passing through the
coagulation and washing bath. Wound fibers were
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immersed in the de-ionized water for 24 h to remove
any NMMO residue before drying at room tempera-
ture for 24 h.

Fabrication of GO-CeHFs

Fabricated CeFs and GO-CeFs were immersed in
0.1 M CaCl, solutions for 30 min. Afterwards, the
CeFs and GO-CeFs were washed using the di-ionized
water and then dried out thoroughly at 50 °C under
tension. Post-treatment using other metal chloride was
performed in the same way as described above
mentioned.

Characterization

Raman spectrum was acquired using a LabRAM HR
(Horiba, Japan) with laser wavelength of 514 nm to
confirm the presence of GO. The mechanical proper-
ties of the fibers were determined using the
FAVIMAT + single-fiber tester (Textechno, Ger-
many). The tests were performed at a gauge length
of 25 mm and a cross-head speed of 2 mm/min. In
addition, liner densities of GO/Cellulose with ion
treatment fibers measured by vibroscope attached to
the FAVIMAT + following the ASTM D1577 (2012)
procedure. Transmission electron microscopy (TEM)
(Titan, FEI, USA) was used to investigate the
morphology of GO in the cellulose fibers. Samples
for TEM analysis were prepared by the ultra-micro-
tome (PT-PC PowerTome, RMC, USA) and mounted
on the 300-mesh lacey-carbon copper-grid (Ted pella,
USA). Energy dispersive spectroscopy (EDS) (Super-
X EDX, Bruker, Germany) analysis was performed by
a 4-silicon drift detector system to determine their
elemental compositions. The introduced surface metal
ions and functional groups were investigated by x-ray
photoelectron spectroscopy (XPS) (K-Alpha, Thermo
Fisher Scientific, USA).

Results and discussion
Comparison of CeFs and GO-CeFs
Figure 1 shows the photographs of the CeFs and GO—

CeFs. The photographs indicated that the white CeFs
darkens by the addition of GO (Tian et al. 2014).

Fig. 1 Optical photographs of a CeFs and b GO-CeFs
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Fig. 2 Raman spectra of CeFs and GO-CeFs

Raman spectroscopy was used to investigate the
existence of GO in the GO-CeFs. As shown in Fig. 2,
both CeFs and GO—-CeFs exhibit the Raman spectra in
the range of 200 to 1250 cm_l; indicating character-
istic bands from cellulose II (Zhbankov et al. 2002).
The two main peaks around 1350 cm™' and
1580 cm ™' in the GO—-CeFs correspond to the D-band
(associated to disorder or defect by oxidation of sp2
carbon bonds) and G-band (arising from the in-plane
vibration of sp2 carbon bonds), respectively (Kudin
et al. 2008).

The de-convoluted XPS analysis was applied to
determine the surface functional groups of CeFs and
GO-CeFs (Fig. 3). The Cl s spectrum of CeFs
presented in Fig. 3a represents three different func-
tional groups. The major peak at about 284.6 eV is
attributed to the C—C bonding. The peaks at about
285.6 and 286.7 eV correspond to the C—OH and C—
O-C bonding, respectively (Belgacem et al. 1995).
Figure 3b showed the C1 s spectrum of GO-CeFs.
Compared to the Cl s spectrum of CeFs, two
additional peaks are shown: —C=0 (~ 288.2 eV)
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Fig. 3 De-convoluted Cls XPS spectra of a CeFs and b GO-CeFs

cellulose (point 2). Thus, it is reasonable to believe
that the nanostructure is GO due to the remarkable
oxygenated functional groups of GO in comparison
with the cellulose.

The typical tensile stress—strain curves of CeFs and
GO-CeFs are presented in Fig. 5. It can be seen that
the tensile strength of GO-CeFs 403 £+ 76.0 MPa,
which is 11% higher than that of the CeFs
(362 £ 46.6 MPa). Although the tensile strength of

Fig. 4 aTEM BF images and b STEM HAADF images of GO— GO-CeFs is higher, its breaking elongation
CeFs (4.5 £ 0.5%) is 33% lower than that of the CeFs
(6.0 £ 0.6%).

and O—-C=0 (~ 289.1 eV) bonding. These two peaks
were generated by the GO (Chen et al. 2014).

The morphology of GO in the cellulose was
examined by TEM. The bright field (BF) TEM image
shows the typical nanostructure of GO in the cellulose
(Fig. 4a). Figure 4b shows the scanning transmission

450
electron microscopy (STEM) image of the high angle
annular dark field (HAADF) detector with EDS point 400 | Go-cefs
profile of GO—CeFs. From the atomic percentage data 350 1
of C-K and O-K edge in Table 1, the compositions of 300
the nanostructure (point 1) indicate high atomic § 250
proportion of carbon and oxygen compared to the <
g 200 -
£ 150 4
Table 1 Carbon and oxygen atomic percentage data from the 100
characteristic K-edge of EDS point profile analysis
50 -
Point 1 Point 2 0
0 1 2 3 4 5 6 7
at.% of C 93.8 78.6 Strain (%)
at.% of O 4.0 11.1

Fig. 5 Stress-strain curves of CeFs and GO—CeFs
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The effect of the metal ions post-treatment
for the GO-CeFs

To further improve the mechanical properties of the
GO-CeFs, metal ions (Ca*") were used to improve the
interfacial bonding between the functional groups of
GO and the cellulose. Figure 6 shows the mechanical
properties of CeFs, GO—CeFs and GO-Ca?*—CeHFs.
The tensile strength of GO-Ca®"—CeHFs
(551 £ 37.5 MPa) increased about 37% over that of
the GO-CeFs. Furthermore, the elongation of GO-
Ca*"—CeHFs increased up to 5.9 & 0.4%, which is
comparable to the breaking elongation of CeFs. This
can be attributed to the van der waals interactions or
electrostatic interactions between the oxygenated
functional groups of GO, cellulose and metal ions
(Oztiirk et al. 2009; Kramar et al. 2014).

The morphology of GO/Cellulose composite fiber
and GO-Ca’*—CeHFs was shown at Fig. 7. The
diameters of both samples are around ~ 10 pm,

which means the ion treatment did not affect on the
surface and morphological configuration. The Linear
density and diameters of ion-treatment fiber are
presented in Table 2. From the measured values, there
were no significant change of the liner densities and
diameters after ion treatment.

TEM EDS mapping was carried out to observe the
distribution of atoms in the GO-Ca**—CeHFs to
confirm that the metal ions affect the interfacial
bonding between GO and cellulose (Fig. 8). Figure 8a
shows the STEM HAADF image of the GO—CeFs
which confirms the existence of nanometer-sized GO
on the cellulose fiber. In Fig. 8b and 8c, the GO region
shows slightly higher concentrations of carbon and
oxygen elements than that in the cellulose region.
Thus, it is confirmed that the nanoparticle shown in the
TEM image (Fig. 4, Table 1) is indeed GO. Figure 8d
depicts the distribution of calcium (Ca) elements
showing denser distribution of Ca within the GO
region. Therefore, it is observed that Ca ions (Ca™)
distribution led to more densely packed interface
between GO and cellulose.

In order to verify the Ca>* distribution in the hybrid
fibers, the XPS analysis was applied on the surface
functional groups of calcium ion bonding between
GO/Cellulose fiber. The Ca spectrum of GO—Ca*'—
CeHFs presented in Fig. 9. The peaks at about 346.8
and 350.5 eV correspond to the Ca 2p3,, and Ca 2py»
bonding. It revealed that Ca is well distributed after
jon treatment in the GO—Ca”*"—CeHFs sample.

Post-processing treatments using metal ions from
Group 2 and Period 4 were carried out in order to
determine their degree of improvement to mechanical
properties (Fig. 10). Figure 10a represents the tensile
strength and elongation results from the samples

(b)

Fig. 7 SEM images of a GO/cellulose composite fiber, b GO-Ca*"—CeHFs
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Table 2 Liner density and diameter of GO/Cellulose fiber and various ion-treated fibers

GO-Cell Mg Cu Fe Ca Ba
Linear density (tex) 0.23 + 0.06 0.22 + 0.04 0.20 £+ 0.07 0.24 + 0.04 0.23 £ 0.03 0.24 + 0.04
Diameters (pm) 13.8 £ 0.8 134 £ 05 129 £ 0.8 128 £ 0.5 13.7 £ 0.3 139 £ 0.5

Cellulose

50 nm

50 nm

Fig. 8 a STEM HAADF images and b—d EDS element mapping images of GO-Ca>*—CeHFs (b-carbon; c-oxygen; d-calcium)

treated with Group 2 metal ions (magnesium, calcium,
and barium) for 30 min. The graphs indicate that the
tensile strength increases in the order of 515 £ 36.4,
551 4+ 37.5, and 579 + 24.9 MPa, for magnesium,
calcium, and barium treated samples, respectively.
The breaking elongation results, on the other hand, are
similar for all three samples (~ 5.7%). The graphs in
Fig. 10b illustrate the results from samples treated
with Period 4 elements (calcium, copper, and iron) for
30 min. The tensile strengths for copper, iron, and
calcium treated samples were 500 £ 57.3,
507 £+ 35.9, and 551 + 37.5 MPa, respectively; like-
wise, elongations were similar across all samples
(~ 5.8%).
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Fig. 10 Tensile strength and elongation of GO—CeHFs after post-treatment via metal ions of a group 2 and b period 4 in the periodic

table

Fig. 11 Schematic description of the reaction between functional groups and metal ions (M) having different ionic radius in the GO-

CeHFs after post treatment

Table 3 Ionic radii of cation used in the experiment

Cation Mgt Ccu*t  Fe?t  Ca*t  Ba®t

Tonic radius (A) 0.65 0.70 0.75 0.99 1.34

These results can be interpreted in terms of the size
of the ionic radius. The larger the size of the ionic
radius, the more space is filled at the interface between
the cellulose and GO shown at Fig. 11.

Therefore, the infiltration of metal ions with larger
radius to the interface can be correlated to the
enhancement of mechanical properties (Matos and
Arruda 2003; Okieimen et al. 1985; Martell and
Hancock 1996; Park et al. 2008). The ionic radius
presents in Table 3 (Chao et al. 1984; Faur-Brasquet
et al. 2002; Shimada et al. 1992). This is clearly
confirmed by post-treated sample with barium (the
largest ion tested in this experiment); that is, the tensile

strength of GO-Ba*"—CeHFs show the best improve-
ment over the GO—CeFs by 44%.

Conclusion

The key contribution of this study is the development
of the concept of graphene reinforced cellulosic fibers
with minimum reduction of toughness. The fabricated
GO-CeHFs were treated with various metal ions in
order to form a strong interfacial bonding between GO
and cellulose. The tensile strength of the fibers treated
with Ca ions (GO-Ca’>"—CeHFs) was around 37%
higher than that of GO—CeFs. The addition of GO to
the fibers recovered 31% of the reduced elongation;
thus, the elongation at break was comparable to that of
the conventional cellulose. In addition, the tensile
strength of each fibers treated with metal ions from

@ Springer
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Group 2 and Period 4 were determined. It is observed
that the improvements in the tensile strength were
correlated to the larger ionic radius of the metal ions;
as a result, the barium treated fibers (GO—Ba”—
CeHFs) yielded the tensile strength of 44% higher than
that of GO-CeFs. Likewise, the tensile strength of
GO-Ba**—CeHFs was about 60% higher than GO—
CeFs.
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