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ABSTRACT

Undried coir cellulose was prepared by chlorite bleaching method and hydrolyzed by 50% sulphuric
acid to obtain highly crystalline nanocellulose. The proximate analysis of the coir fibre such as;
moisture, ash, crude fibre, protein and its mineral composition were investigated using the AOAC
standard protocol. The effect of hydrolysis on coir cellulose morphology was investigated using X-
ray powder diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM). SEM, TEM and AFM images revealed that the
nanocellulose dispersion consists of individual nanocellulose whiskers of about 200 nm in length
and 10-30 nm in width. This study showed that cellulose nanocrystals (CNC) will be appropriate
templates for surface nanostructures particularly in applications aimed at incorporating bio-
materials in materials fabrication.
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1. INTRODUCTION

Cellulose is the most abundant biopolymer and
one of nature’s wonder. It forms the base
reinforcement unit for the hierarchical structures
in various plant species which gives them the
unusual ability to provide high mechanical
strength, a high strength-to-weight ratio, and high
toughness [1,2]. Cellulose impact on man is an
evidence that natural cellulose-based materials
have found extensive use in the areas of
engineering over thousands of years which was
proven by the enormous worldwide industries in
forest products. Unique properties such as
biodegradability, low density, availability, low
pricing and easily modifiable surface properties
of the nature’s wonder [3-5] provide potential
opportunities to develop new materials on
cellulosic fibre.

Decreasing the particle size of cellulose fibres in
bulk wood cells to nanofibrils largely increases
the properties  of  cellulose. Cellulose
nanocrystals (CNC) typically have size
dimensions of 5-20 nm in diameter and length
varying from 25-3000 nm. The high aspect ratio
of these crystals accompanied with the presence
of pendant hydroxyl groups on its surface makes
these crystals readily desirous in functionalized
applications [6]. CNC can be obtained by a
number techniques with acid hydrolysis being
one of the most widely used techniques [7]. The
choice of the method of isolation of CNC is
particularly important as the dimensions of CNC
depends on the starting material and also varies
with processing conditions such as acid
concentration, hydrolysis time, acid to fibre ratio,
hydrolysis temperature as well as sonication time
[7-10].

Previous work on CNC includes applications as a
reinforcement for polymer matrices [8], surface
functionalization of CNC has also been carried
out with the aid of living radical polymerizations,
incorporation of alkyne and azide groups, as well
as epoxy and amine groups on the surface of
CNC for applications in click chemistry,
fluorescence labelling and graft polymerization
on CNC [11-14]. Synthesis of layer-by- layer self-
assembled multilayer films via modifications
involving the use of cationic polyelectrolytes such
as poly (amideamine) epichlorohydrin (PAE), and
poly(allylamine hydrochloride) (PAH), have also
been reported [15-17]. Furthermore, literature
reports have been made on surface modification

of CNC to form chiral nematic ordered CNC in
toluene through the synthesis of a triblock
copolymer based on xyloglucan oligosaccharides
[18]. Several other applications involving surface
modification of CNC have also been reported
[8-10].

In this work, cellulose was isolated from coir fibre
and was thereafter hydrolyzed via suphuric acid
hydrolysis to nanocellulose with its morphology
tailored for specialized applications. Also, the
tailored morphology of the CNC obtained was

investigated to ascertain its suitability for
applications in templating of  surface
nanostructures.

2. EXPERIMENTAL SECTION
2.1 Materials and Methods
2.1.1 Materials

Sodium chlorite, Sulphuric acid, Acetic acid and
NaOH (97%) were procured from Sigma Aldrich
Inc. (USA). Ultrapure deionized water (18.2
MQ.cm, 25°C), Merck Millipore (Germany) was
used for preparing all solutions. All chemicals
used were of AR (analytical reagent) grade and
used as received. The coir was separated from
its pits, which was freshly harvested from a
plantation in Benin-City, Edo-State, Nigeria.

3. FRACTIONATION OF CELLULOSE
FROM COIR FIBRE

3.1 Extraction of Waxes, Oils and Resins

A known amount of coir fibres (dried at 100°C for
24 h) was placed in a 500 ml Soxhlet apparatus
and extracted over a mixture of toluene, acetone
and ethanol in a ratio of 4:1:1 to remove waxes,
oil and resin. This was left for 7 h and then, the
coir was washed with warm water (45-50°C) to
remove other forms of impurities and dried under
vacuum oven (at 50°C for 24 h) for further
characterization and fractionation of cellulose.

3.2 Delignification of Coir Fibre
(Bleaching - Lignin Extraction to
Produce Holocellulose)

3 g of coir fibre pulp was placed in 1.5 wt/vol %
of sodium chlorite (NaClO,) (pH <4). Glacial
acetic acid was added in proportion to keep the
pH below 4.0. The solution became bright yellow



with the samples floating. The reaction was kept
at a temperature of 90°C for over 4 hours. This
process was repeated twice until there was no
further Cl used up, the solution became yellow
and there was no increase in pH. The solution
was washed several times over Buckner funnel
until a neutral pH was reached. Holocellulose (a-
cellulose and B-hemicellulose) was obtained by
the gradual removal of lignin.

3.3 Degrading of Hemi-Cellulose

The holocellulose obtained from delignification of
coir was treated with 17% NaOH solution. The
sample was stirred for 45-60 minutes. No heat
was required because the flask will get hot since
the hemicellulose dissolving NaOH is exergonic.
The cellulose obtained was washed with
deionized water and the conductivity was
checked repeatedly to ensure complete removal
of NaOH. The undried cellulose obtained was
stored at 4°C.

3.4 Nanocellulose (NC) Preparation by
Acid Hydrolysis

CNC was prepared according to a previously
reported procedure [19,20]. In a typical
experiment, 3 g of cellulose were hydrolysed by
64% sulphuric acid. This hydrolysis was
achieved by adding drop-wise amount of
concentrated sulphuric acid to a known
water/coir cellulose suspension in an ice bath to
reach the desired concentration with vigorous
stirring for 15 min. The suspension was heated to
45°C for 70 min after the complete addition of
sulphuric acid and was centrifuged (Remy
cooling centrifuge 12°C) with ultrapure deionized
water (10 min, 12000 rpm) repeatedly until the
supernatant became turbid after repeated cycles.
The suspension obtained was placed in a 11 kDa
MWCO dialysis membrane and dialyzed against
ultrapure deionized water until a constant pH was
attained after three days. The suspension was
sonicated for 15 min and freeze dried. The
resulting CNC was divided into two parts, one for
freeze drying and other was diluted to a
concentration of 0.5% w/w in deionized water for
further characterization.

4. CHARACTERIZATION TECHNIQUES
4.1 X ray Diffraction Analysis
Powder X-ray diffraction studies were performed

to determine the crystal structure of as-
synthesized nanocellulose in an angle range of
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5-45° on an X-ray diffractometer (Philip’s
X’pertPro) with Cu Ka radiation (A = 0.154)
employing an X'celerator detector and a

monochromator at the diffraction beam side. The
samples were used by employing a standard
sample holder.

The crystallinity index (Cl) was calculated using
the intensity values of the diffraction peaks
corresponding to the crystalline and amorphous
regions, according to the Segal method [19]:

10y —1
(002) (am) Xl OO

I (002)

Cl =

where /g0 is the counter reading at peak
intensity of 20 angle close to 26° representing
crystalline material and /.m is the counter
reading at peak intensity of 26 angle close to 18°
representing amorphous material in  coir
cellulosic fibre.

The crystallinity index was also evaluated by the
method proposed by Hermans et al. [21,22]:

Cl ’=Acryst,/A tot.

where A, denotes the total area of the
crystalline peaks at (101), (101), (021), and (002)
crystallographic planes and Ay is the total area
under the diffractograms.

Calculation of the order of orientation (O.l) was
done using the equation [22]:

O.l= [1' (Iam/ltot)]

where |, is the intensity of the diffraction peak
corresponding to the amorphous region and |y
denotes the maximum intensity of the diffraction
pattern.

4.2 Scanning Electron Microscopy (SEM)
Analysis

SEM analysis of samples were performed using
Zesis EVO 18 cryo SEM with variable pressure
working at 15-30 kV. The samples were
prepared by drop casting method.

4.3 Transmission Electron Microscopy
(TEM) Analysis

TEM analysis of the sample was performed in an
FEI, TECNAIS Twin microscopy with an
accelerating voltage of 100 kV. The sample was



drop casted on a 400 mesh copper grid and
allowed to air dry.

4.4 Fourier Transform Infrared Spectros-
copy Analysis

The coir samples (fibre and CNC) were
dispersed in KBr matrix to form pellets
by compression. FT-IR spectra were recorded
on these films using a Perkin-Elmer
spectrophotomer 1 in transmission mode with a
resolution of 4 cm™. The spectra were obtained
usiqg 32 scans, in the range of 4000 cm” to 500
cm .

4.5 Proximate/elemental Analysis

Proximate and elemental analyses were
done using the AOAC standard methods
[23]. A 210/211VGP atomic absorption

spectrophotometer (AAS) was used for the
elemental analysis of the coir samples after wet
digestion using HNO3/HCIO, digestion mixture.

4.6 Atomic Force Microscopy (AFM)

AFM imaging of cellulose nano-fibres (CNCs)
was performed with a ‘Nanoscope V' scanning
probe microscope (Digital Instruments). A few
drops of the diluted nanocellulose suspension
(0.001 wt %) were deposited onto freshly cleaved
mica substrate and allowed to dry. Samples were
scanned in air at ambient relative humidity and
temperature in tapping mode.

5. RESULTS AND DISCUSSION

Table 1 summarizes the characteristics of the
coir fibre. The results obtained from the
proximate analysis study showed that the coir
fibre had a high fibre content but was low in ash,
crude fat and % protein contents. The moisture
content was slightly lower than the value (9.8%)
reported for coir by Abraham et al. [24].

Elemental analysis of the coir fibre revealed that
it contained low or no trace amounts of heavy
metals as seen in the Table 1b, there are
however traces of elements such as calcium,
manganese and iron. The yield of cellulose was
20%; the low cellulose content was attributed to
the way the fibre was processed because
reasonable amount of cellulose was lost during
washing.
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A comparison of the proximate composition
obtained for coir to literature reports for other
fibres revealed that the coir sample showed
higher moisture, ash, fat and protein contents
compared to flax fibres which had values of
8.0%, 1.0%, 1.5%, and 3.0% respectively [25].
The proximate composition reported for hemp
fibres was however higher in moisture content
(10.0%), but lower in ash, fat and protein
contents with values of 0.7%, 0.7%, and 1.4%
respectively [25].

Table 1a. Proximate composition of coir

Component Content (%)
Moisture 9.50

Ash 3.20

Crude fat 10.20

Crude fibre 47.00

Crude protein 5.18
Nitrogen free extract 28.32

N.D = Not Detected

Table 1b. Elemental analysis of coir

Elements Amount (ppm)
Calcium 2.40

Cadmium N.D

Cobalt 8.00
Manganese 0.50

Iron 12.60

Lead ND

The FT-IR spectra of coir fibre and the cellulose
(a & b) are presented in Fig. 1. The spectra can
be categorized into two regions: the region
corresponding to O-H and and C-H stretching
vibrations (3600-2700 cm™) and the ‘fingerprint’
region corresponding to the stretching vibrations
exhibited by groups in the various components of
wood (1800-600 cm™). The coir fibre exhibits the
characteristic lignocellulosic absorption bands,
which include a broad peak of the cellulose and
lignin hydroxyl groups (O-H) at 3394 cm™ while
the CNC gave a corresponding peak due to
cellulose hydroxyl groups at 3400 cm™. The
peaks at 2933 cm” and 2904 cm™ for coir and
CNC respectively correspond to the C-H
stretching vibrations of methyl and methylene
groups.

The band at 1738 cm’ corresponds to the
stretching vibrations of C=0 group present in
carboxyl and acetyl groups of hemicellulose, the
absence of this peak in the CNC spectra
confirms the loss of hemicellulose in the
synthetic procedure for CNC.
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Fig. 1. Fourier transform infrared (FT-IR) spectra of the coir fibre (a) and the modified coir
fibre (nanocellulose) (b)

The presence of bands at 1509 cm™ and 1256
cm’” (corresponding to vibrations of the C=C
moiety in benzene ring and the guaiacyl/syringyl
ring stretching vibrations respectively) in coir and
their absence in CNC confirms the removal of
lignin from coir to obtain the synthesized CNC.

Peaks at 1047 cm” and 1420 cm™, 1430 cm”
correspond to deformation, bending and
stretching vibrations of C-H, C-O in various
groups in carbohydrates. Characteristic cellulose
peaks corresponding to C-H deformations (897
cm'1), C-O-C stretching vibrations (1159 cm'1)
were also observed. The peaks at 1614 cm” and
668 cm™ can be assigned to OH bending due to
absorbed water and C-OH out-of-plane bending
in cellulose respectively [22,26-31].

The unique properties of cellulose such as its
strength and crystallinity are largely due to
intramolecular (O(2)H---O(6) and O(3)H---O(5)
bonding) and intermolecular hydrogen bonding
(O(6)H---O(3’) bonding) facilitated by the
presence of pendant hydroxyl groups in cellulose
[30,31]. Hydrogen bonding is aided by high
degree of orientation and low hydrogen bond
distance in cellulose which increase the degree
of packing of cellulose nanofibrils. The degree of
hydrogen bonding is readily seen in the
broadening of the band corresponding to O-H
stretching; the extent of deviation of this band

from the typical frequency of free O-H absorption
is used to estimate the degree of hydrogen
bonding in cellulose chains. This index is called
the energy of hydrogen bonds [21,30,32].

The energy of hydrogen bonds (Ey) for CNC and
coir was estimated using the equation [21,30]:

En = 1/K[(Vo -V)/ Vo]

where v, is the frequency assigned to free
hydroxyl groups (3650cm™), v is the observed
frequency for the hydrogen bonded hydroxyl
groups and k denotes a constant (1/k = 2.625
x107kJ).

The hydrogen bond distance (R) was estimated
using the Pimentel and Sederholm equation
[21,30]:

Av(em™) = 4430 x (2.84-R)

where Av(cm'1) = (Vo -V) Vo is the monomeric OH
stretching frequency with a value of 3600cm™
and v is the observed frequency in the IR
spectra.

The hydrogen bond distance (R) and the energy
of hydrogen bond (Ey) obtained for coir (at 3394
cm'1) and CNC (at 3400 cm'1) were close to the
values reported by Poletto et al. at IR



frequencies of 3423 cm” [21,32] and Popescu et
al at IR frequencies of 3422 cm” [33] for
cellulose in unprocessed wood fibres. The Ey
value obtained for coir fibre was higher than the
value for the synthesized CNC, while the
hydrogen bond distance obtained was similar.
However, considering the usually higher degree
of orientation and crystallinity in CNC compared
to cellulose in natural fibres [6] which was
confirmed by XRD characterization in this study
(Table 3), CNC should be expected to show a
degree of hydrogen bonding higher than that in
coir. The obtained result can be attributed to the
fact that during the isolation of CNC from
cellulose by sulphuric acid hydrolysis, some of
the hydroxyl groups were esterified, resulting in
disruption of the hydrogen bond network and
hence a reduction in the energy of hydrogen
bonding [28,34].

Analysis of the FT-IR spectra of cellulose has
been reported as a means of estimating the
degree of crystallinity and orientation in cellulose
fibres, this is done following the method by
Nelson and O’Connor [35,36] in which the ratio of
certain bands corresponding to specific regions
of cellulose is used as empirical indices to
estimate the order in the cellulose chains [21,30,
32]. The method is based on the fact that the O-
H and C-H stretching absorptions are dependent
on the degree of order in the cellulose chains
[31]. The band at 1420-1430 cm” corresponds to
the amount of crystalline regions in the cellulose
chains while the band at about 898 cm’
corresponds to the amorphous region in the
cellulose chains; the ratio of the absorptions of
both bands was referred to as the lateral order
index (LOI). The LOI index therefore corresponds
to the relative abundance of crystalline and
amorphous regions in the cellulose chains,
broadening of bands at these frequencies (1420-
1430 cm™ and 898 cm'1) also indicates more
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disordered structure [31]. Nelson and O’Connor
[35,36] also assigned the ratio of absorption of
the bands at about 1372 cm™ and 2900 cm™ as
the total crystallinity index (TCIl) which was
proposed as a an index to estimate the infrared
crystallinity (IR) ratio. Furthermore, hydrogen
bond intensity (HBI), which is dependent on the
mobility of the cellulose chains as well as their
bond distance was used as an index to measure
the degree of crystallinity, chain regularity as well
as the extent to which water molecules are
bound to the cellulose chains. This index was
assigned to the band ratio of the absorption
bands at about 3400 cm™ and 1320 cm™ [21,32].
The obtained LOI, TCIl and HBI values for both
coir and CNC were similar, but higher than the
values reported for Pinus elliottii, Eucalyptus
grandis , Mezilaurus itauba, and Dipteryx odorata
[37].

The use LOI and TCI values in the elucidation of
the crystallinity of cellulose samples has been
reported as a very simplistic approach which
gives only relative values, this is because the
spectral bands always contain contributions from
both the crystalline and amorphous regions [31].

The XRD pattern of the CNC is shown in Fig. 2.
The pattern shows diffraction peaks at 26
reflections = 15.0° corresponding to the (101)
crystallographic plane, 16.5° corresponding to
the (101) crystallographic plane, 18.0°
corresponding to the amorphous region, 20.4°
corresponding to the (021) crystallographic plane
and 22.5° corresponding to the (002)
crystallographic plane. Modification of the
cellulose with sulphuric acid gave highly oriented
crystallites as seen in the XRD parameters in
Table 3. The crystallinity index (Cl) obtained for
the synthesized CNC was about 78.55% based
on Segal’s method.

Table 2. Parameters from FT-IR analysis of CNC (a) and coir (b)

(@)

FT-Rindices En(kJ) R(A) IR crystallinity ratio HBI A3400/A1320
LOI H1420/H897 _ TCI H1375/H2905
Values 17.98  2.80 457 0.95 1.91
(b)
FT-Rindices Eu(kJ) R(A) IR crystallinity ratio HBI A3394/A1320
LOI H1430/H897 TCl H1375/H2933
Values 1841 279 510 1.06 1.84




Rezanezhad et al. [26] and Chen et al. [27] had
earlier reported Cl of (62.79%) and (63.40%)
obtained for nanocellulose from rice and wheat
straw respectively, which were lower than our
reported values. The crystallinity index (CI’)
obtained by the Herman’s method was 64.63%.
A comparison of the crystallinity index obtained
by the Segal’s method and the Herman’s method
agrees with reports by Xu et al. [38], Polleto et al.
[21, 37] and Popescu et al. [22], who also
reported higher crystallinity index values by the
Segal’'s method. However, the Segal's method
has been reported as an inadequate method of
estimating crystallinity index due to fact that its
value is based on the (200) crystallographic
plane, thereby neglecting the crystallographic
planes at (101) and (101). It is still informative
however, when its value is quoted relative to
values obtained from other methods to aid
comparative analysis [38]. Studies have also
shown that the CNCs surfaces are negatively
charged with sulfate groups which provide
electrostatic repulsion amongst individual CNCs
to form homogenous and stable aqueous
suspensions [28]. This implied that the
generation of CNCs by acid hydrolysis will result
in reduction in the level of hydrogen bond
formation which consequently affects the
crystallinity of the highly ordered and closely
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packed crystallites of CNCs. The effect of this
was observed in the slightly higher value of Ey
for coir compared to that for the synthesized
CNC despite the crystalline nature of the latter.

The degree of orientation in the synthesized
CNC is expectedly higher than that obtained for
natural fibres as seen in the comparison of the
obtained O.l value with that for Eucalyptus wood
(with an O.I value of 0.636) [22]. This agrees with
reports by Moon et al [6] in which nanonization of
cellulose in cellulosic fibres was reported as a
means of improving their crystalline properties.
The high crystallinity index obtained for the
synthesized CNC, can therefore be attributed to
the degree of hydrogen bonding and the close-
packing of nanofibrils demonstrated by the low
hydrogen bonding distance, coupled with the
high orientation index in the obtained fibres. The
degree of crystallinity and order obtained from
the XRD analysis also agrees with the TCI LOI,
and HBI values obtained from FT-IR analysis.

Table 3. Parameters from XRD analysis of

CNC
XRD indices C.l(%) C.I'% Ol
Values 78.55 64.63 0.88
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Fig. 2. XRD pattern of synthesized CNC



5.1 Morphological Properties

The diameter and morphology of the CNC
template were studied by TEM, SEM and AFM
imaging. Figs. 3 and 4 show the morphological
assemblies of the CNC and its diameter which
was between 10-30 nm with the length around
140 nm. This was consistent with other reports in
literature [3,34,39].

As seen from the electron microscope images
slight aggregation of the nanocellulose was
observed and this could be attributed to the
presence of hydrogen bonding in the cellulose
nanofibre. The diameter of the CNC from this
study is comparable with reported values for rice

2.0 um

Height
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straw and soft wood with width and length of 5.5-
6.6 nm and 58-515 nm [40,41], respectively
reported on cellulose nano whiskers.

The TEM image shows a lower level of
aggregation than the SEM micrograph. The
results show that CNC particles are rod-like and
can be considered as mono-dispersed.

The AFM phased image of the coir CNC
obtained from the tapping mode manipulation
showed the typical distribution of image data
height under ambient conditions. The AFM image
shows more regular particle size compared to
Figs. 3 (a & b).

Fig. 4. Topography images (a) 2D and (b) 3D images obtained in tapping mode data
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Fig. 5. AFM depth image obtained for CNC.

This was confirmed in Fig. 4b (3D image) which
shows the surface roughness of the CNC. The
processed AFM images show that the CNC
height was between 5 to 30 nm as shown in the
depth image in Fig. 5 above and the length was
between 130 to 220 nm. The CNC height
measurement was consistent, with slightly small
changes within 1 nm run-to-run in the AFM
height measurement. These slight changes in the
height measurement could be linked with water
molecules penetrating the CNC and diffusing
between the particles and then causing a
separation in the cellulose chains. This agrees
with literature reports by Lahiji et al. [1] where
humidity changes had no effect on the lattice
spacing of cellulose determined by X-ray
diffraction measurements. The size dimensions
show that the CNC will be appropriate templates
for surface nanostructures, particularly in
applications aimed at incorporating bio-materials
in materials fabrication.

6. CONCLUSION

This study showed that rice-shaped cellulose
nanocrystals can be synthesized from coir fibres.
The CNC particles were rod-like and can be
considered as mono-dispersed particles. The
characterization of the CNC showed high
crystallinity, high aspect ratio and good surface
properties which makes them appropriate for use
as templates for surface nanostructures with
potential application in the incorporation of bio-
materials in materials fabrication.
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