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Abstract
Bagasse, an industrial agro waste is treated with alkali initially to remove hemicelluloses fraction followed by treatment with
sodium chlorite solution varying the treatment time. The novelty of the work lies in the bleaching with chlorite treatment in
alkaline medium. The treated bagasse fiber was characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffrac-
tion (XRD), particle size analysis by dynamic light scattering technique (DLS), optical microscope, scanning electronmicroscope
(SEM), atomic force microscope (AFM), UV spectroscope, and thermogravimetric analysis (TGA). It was found that during
alkali treatment, a lattice transformation from cellulose I to cellulose II took place. Chlorite treatment removed lignin initially, and
then with increasing time, the amorphous portion of cellulose is removed, rendering high crystallinity in the fiber. All the changes
have been accounted by evaluation of LOI (lateral order of index), TCI (total crystallinity index), and HBI (hydrogen bond
intensity) from FTIR study. XRD study also revealed the same fact. AFM study also supported the same fact indicating
generation of sharp crystal and rough surface. Morphological study of treated and untreated bagasse fiber also exhibited
fibrillation of fiber. Radius of hydration as estimated by DLS analysis followed a decreasing trend with increase in chlorite
treatment time. The loss of transparency in cellulose fiber has been exposed by UV spectra analysis. TGA study showed that
thermal stability has been increased with chlorite treatment. Such alkali treatment along with sodium chlorite for cellulose
extraction from bagasse has not been performed by earlier investigators. Extracted cellulose fiber will be a very suitable
reinforcing agent due to highly fibrillated morphology.
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1 Introduction

Cellulose, a common natural fiber, having tremendous bio-
degradation properties, is suitable for many potential applica-
tions. Cellulose is one of the important constituents [40] of
wood, plants, some bacteria, and algae [59]. Natural fibers are
lignocellulose materials which mainly comprises cellulose,

hemicellulose, and lignin. Modern world is in constant thrives
to search more and more potential natural plant materials [2,
13, 29, 31, 36, 37, 48, 58, 62, 63]. Cellulose is highly abun-
dant in plants; still the agro waste (rice straw, soybean pods,
corncob, etc.) and industrial agro waste (bagasse, tomato peal,
etc.) should be exploredmore [52]. Among this industrial agro
waste, huge amount of bagasse is generated. Typically, from
processing 100 t of sugarcane produces 23 t of bagasse [67].
The cellulose, hemicellulose, and lignin contents of dry ba-
gasse were reported as 35.0 ± 0.4%, 30.3 ± 0.5%, and 17.0 ±
0.7%, respectively, by Pathak et al. [47]. The cellulose fiber in
plants is a tied combination of cellulose microfibrils which
consists of the smallest cellulose fibril unit. Different tech-
niques are available to extract the cellulose part from bagasse.
Easy extraction of cellulose in the most economic way in-
volves chemical, physical, or biological pretreatment methods
to remove the hemicellulose, lignin, and other components
rather than cellulose [10, 28, 30, 50]. Alkali pretreatment has
been used by Sun and Cheng [61] for breaking down the
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lignin structure and hence improving the susceptibility of the
hemicellulose and cellulose fraction. The disruption of lignin,
hemicellulose, and cellulose has been carried out with chem-
ical treatment and physical force by Brinchi et al. [8]. Effect of
alkali treatment on many plant fibers has been well investigat-
ed. Authors have reported that this treatment removes hemi-
cellulose from the plant fiber rendering high crystallinity in
the cellulose structure depending on the treatment condition.
Mzimela et al. [44] have investigated the effect of alkali treat-
ment on sugarcane bagasse and reported about increase in
aspect ratio and crystallinity with dissolution of matrix mate-
rial. Sodium chlorite has been used to remove lignin from the
plant fiber and to extract cellulose effectively, but works on
plant fiber with chlorite treatment variation have not been
studied toomuch. Chlorite treatment brings out delignification
of natural fiber and affects other polysaccharide rendering
suitable property modification of cellulose fiber [68]. Kumar
et al. [34] reported the adverse effect of acid chlorite
delignification on cellulose chain length. Mohomane et al.
[41] have also studied the kinetics of thermal degradation of
alkali-treated delignified sugarcane bagasse and also reported
improve in crystallinity of bagasse fiber by treatment. Lazic
et al. [38] studied the effect of alkali treatment and chlorite
treatment on flax fiber thoroughly to extract cellulose fiber
which is much whiter and acquires higher surface area, higher
wetting ability hence better suitability to composite fabrica-
tion. Another observation has been reported by Lazic et al.
that with proper treatment conditions, chlorite treatment only
leads to oxidation of the reducing end groups (aldehyde) of
cellulose macromolecules to carboxylic groups, keeping
higher degree of polymerization of cellulose chain, thereby
increasing the aspect ratio. Mostly all these bleaching by so-
dium chlorite has been carried out under acidic pH.
Delignification under alkali condition has also been reported
using hydrogen peroxide but not with chlorite [39]. Other
agents like hypochlorite, bleaching powder are also there for
delignification. But among all, sodium chlorite is the most
common one. Hypochlorite bleaching forms oxy cellulose
resulting fibers which develops brownish stains on storage
and uneven dyeing. On the other hand, chlorite bleaching does
not produce oxycellulose. It is safe to fiber giving permanent
whiteness without loss of tensile strength. Chlorite is not sen-
sitive to traces of metallic contaminants, whereas peroxide
shows disastrous reaction with the presence of both iron and
copper. The bleaching strength of sodium chlorite is always
optimum under acidic pH, and this leads to a problem of
corrosion with metal container used for bleaching. Another
problem associated with acid chlorite bleaching is liberation
of harmful chlorine dioxide (ClO2) gas which is negligible
under alkaline condition. The study of chlorite bleaching re-
action under alkaline medium is very rare [24]. It has been
reported by Higginbotham and Leigh [24] that bleaching of
desized cotton applying steaming by 2% sodium chlorite

solution along with 5% sodium carbonate maintaining pH at
11 is very effective reducing the pH suddenly at pH around 5.
The desizing was done by 3% alkali treatment. They predicted
about the observation of considerable high rate of bleaching at
pH 7 and pH 8–5 that there must be certain mechanism with-
out direct involvement of chlorine dioxide and chlorous acid.

The aim of this work is to treat bagasse by alkali first then
by prolonged chlorite treatment under alkaline pH and to
study the change in fine structure of bagasse cellulose by the
treatment. The novelty of the work lies in the chlorite treat-
ment of bagasse to remove lignin totally under alkaline pH.
The performance of sodium chlorite in the absence of acidic
medium as a fine structure modifier of bagasse is to be judged
by this work. The fine structure of the fiber is an important
controlling factor for composite fabrication, and the outcome
of the work could develop cellulose fiber with higher aspect
ratio and surface area, i.e., leading to a better wetting of fiber
by polymer matrix during biocomposite fabrication.

2 Experimental

2.1 Materials

The raw material, sugarcane bagasse, was bought from local
market located at Rajabazar, Kolkata. The other materials
used in the process are sodium hydroxide (NaOH, > 97%
HPLC grade), sulfuric acid (H2SO4, 98% HPLC grade), and
sodium chlorite (NaClO2, 80% HPLC grade). All these mate-
rials were purchased from Merck, Mumbai, and were used
without further purification.

2.2 Method

2.2.1 Extraction of cellulose

Sugarcane bagasse collected from local market was cut into
small pieces followed by drying at 110 °C. It was then grinded
into fine irreducible forms and further dried at 105 °C to re-
move the excess water entrapped in the material. After that it
was soaked in 18% (w/v) NaOH solution for 1 h and then
washed with tap water. It was then treated with 2% H2SO4

solution for 30 min and again washed with distilled water
maintaining a constant pH of 7 and dried to remove the hemi-
cellulose fraction. For the delignification step, the dried sam-
ple was treated with 2% (w/v) NaClO2 solution for 1 h with
constant stirring by a magnetic stirrer at constant temperature
of 65 °C and then allowed to cool to room temperature. It was
washed rapidly with distilled water, and the pH was main-
tained at 7. Then the sample was centrifuged at 5000 rpm
for 15 min and then lyophilized. The sample was weighed
and labeled as C1. The delignification step was repeated by
varying the delignification time from 1 to 4 h with an
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increment of 30 min maintaining the other conditions con-
stant, and the samples were labeled as C1.5, C2, C2.5, C3,
C3.5, and C4 respectively (Table 1).

2.3 Characterization

2.3.1 FTIR study

FTIR is a useful technique to identify the functional groups
present in a sample. The cellulose samples were mixed with
potassium bromide (KBr) and pressed to form a pellet which
was then investigated using PerkinElmer FTIR instrument,
model no. spectrum 100. The FTIR spectra were recorded in
the range of 4000–450 cm−1. The total crystalline index (TCI)
was performed by the absorbance ratio of the peak at
1372 cm−1 and the strong peak at 2900 cm−1. The lateral order
index (LOI) and the hydrogen bond intensity (HBI) were also
calculated by the ratio of absorbance at 1424 cm−1/893 cm−1

and 3350 cm−1/ 318 cm−1, respectively [34].

2.3.2 XRD analysis

XRD determines the structure of the sample in terms of amor-
phous or crystallinity. In the case of cellulose samples, the
XRD patterns were recorded in X’Pert PRO PAN analytical
instrument operated at 40 kV and AC current of 30 mA with
Cu Kα radiation at wavelength 0.15406 nm. The diffraction
intensities were recorded in the range of 2θ = 0–80°. The av-
erage size of the cellulose particles was calculated using the
Scherrer equation [25]:

d ¼ kλ
βcosθ

ð1Þ

where:

d diameter of the particle
k constant
λ wavelength of X-ray radiation

β full width half maxima (FWHM)
θ Bragg’s diffraction angle

The crystalline index (CI) is another parameter which was
calculated using the Segal equation [57]:

I c−I a
I c

� 100% ð2Þ

where:

Ic intensity of peak due to crystalline region
Ia intensity of peak due to amorphous region

2.3.3 Degree of crystallinity

More commonly, approximately, calibrated methods of mea-
suring crystallinity, Wc, are employed where:

Wc ¼ I c= I c þ KI að Þ ð3Þ
where K = 0.884 and the range of intensities is 10–32° in 2θ
[21].

2.3.4 Particle size analysis by dynamic light scattering
method

The DLS analysis measures the size distribution of the mole-
cules of the sample. The aqueous solution of the cellulose
samples were analyzed using DLS analyzer model number
MAL1032012 by Malvern, UK.

2.3.5 UV-Vis spectroscopy analysis

The UV-Vis spectroscopy was used to measure the transpar-
ency of the sample. The cellulose samples were analyzed
using UV-2401 PC UV-Vis recording spectrophotometer by
Shimadzu, Japan, in the range of wavelength 200–600 nm
with respect to water.

2.3.6 Polarizing light microscope study

The cellulose samples were also observed under the optical
image analyzer model number Leica DMLM by Leica,
Germany, with both dark field and polarized light effect.

2.3.7 FESEM study

The cellulose samples were analyzed by FESEMmodel num-
ber JEOL JSM-7600F by JEOL, USA, with thermal field
emission gun source of ZrO-W.

Table 1 Sample codes
Sample characteristics Sample code

Untreated dry bagasse DB

Alkali-treated bagasse ADB

Delignification time (h)

1 C1

1.5 C1.5

2 C2

2.5 C2.5

3 C3

3.5 C3.5

4 C4
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2.3.8 AFM study

An AFM instrument model number N9410S by Keysight
Technologies, USA, was used to scan the specimen surface
using contact mode image analysis. One drop of solution was
taken on 1 cm × 1 cm square of freshly cleaved glass slide, and
then the sample was dried under vacuum. The glass slides
were blown by nitrogen gas under 0.1% relative humidity
condition. An Al-coated Si-cantilever was used in this case.

3 Results and discussions

Raw bagasse has light brown hue due to presence of low
amount of lignin [26]. With advancement of delignification
process, the cellulose appeared white after 1.5-h treatment,
and the treated solution did not contain any color. From C2
to C4, the transparency also decreased may be due to size
reduction. However this is strictly visual evidence and pre-
sented in Fig. 1.

The changes in chemical structure during the whole tenure
of the chemical treatment can be predicted from the shifting of
IR peaks that correspond to the different functional groups as
shown in Fig. 2a–d and tabulated in Table 2. The peak for
−OH stretching vibration around 3408 cm−1 has been shifted
towards higher value indicating the change associated with
removal of hemicellulose and generation of free −OH groups.
Furthermore, the absorbance value for the peak at 3440 to
3000 cm−1 has been increased in the entire treated sample
indicating increase in number of free hydroxyl groups. It is
maximum for ADB and C1 and then lowered with the others.
It has also been reported earlier that with bleaching and alkali
treatment, an increase of free hydroxyls of cellulose takes
place due to continuous loss of noncellulosic material, higher
defibrillation, and fiber opening [20] which further has an
impact to further cellulose extraction [49, 60]. With prolonged
treatment, reorientation and recrystallization of cellulose fur-
ther lowered the intensity of the peak though it is still higher

than the DB sample. There is a higher shift of the peak at
3408 cm−1for DB towards around 3440 cm−1 indicating lesser
degree of hydrogen bonding. The peak around 2900 cm−1 for
–C–H stretching vibration is continuously shifted towards left
indicating continuous removal of noncellulosic hemicellulose
and lignin by the total course of treatment. The peak at around
1730 cm−1 corresponds to the >C=O stretching vibration of
acetyl groups of hemicellulose. Absence of the peak from IR
spectra of each sample other than the DB indicates removal of
the hemicellulose fraction [5]. The peak 1625 cm−1 in DB
sample indicates the bending mode of absorbed water which
after alkali and chlorite treatment changes to 1641 cm−1, i.e., a
higher shift indicating higher amount of absorbed water with
increasing free hydroxyl group. The peak at 1601.39 cm−1 and
1508.88 cm−1 corresponds to >C=C stretching vibration in
lignin aromatic ring, and 1255.56 cm−1 signifies –C–O out-
of-plane stretching vibration of aryl group in lignin. The rela-
tive intensities of those peaks are decreased continuously and
removed with the alkali treatment and chlorite treatment,
completely removed from C2 sample presenting the evidence
of lignin removal [68].

The peak at around 1165 cm−1 is responsible for anti-
symmetric bridge C–O–C stretching and has been shifted to-
wards 1152 cm−1 for C2 sample onwards with different treat-
ments. The continuous reduction in the intensity of the peak
indicates the purity of the cellulose extracted from the sugar-
cane sample [16]. During the total course of treatments, the
peak around 1050 cm−1 corresponding to C–O/C–C stretching
vibration has undergone a lower shift which may be due to
change in molecular orientation of cellulose chains caused by
different treatments [14]. The peak at 894.44 cm−1 corre-
sponds to the rotation of β-glucosidic linkage in cellulose,
shifted to slightly higher wavelength indicating transforma-
t ion of cel lulose polymorph by treatments [56] .
Simultaneously the small peak observed in DB at
829.17 cm−1 for the rotation of β-glucosidic linkage in cellu-
lose is eliminated in ADB which may also be attributed to the
abovementioned reason. Out-of-plane bending vibration of

Fig. 1 Image of bagasse sample
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intermolecular hydrogen bonded –OH groups can be identi-
fied by the presence of the peak around 670 cm−1, whereas the
torsional vibration of the pyranose ring is indicated by the
peak at 606.94 cm−1 [22, 45, 66]. The higher shift of the peak

at around 607 cm−1 may be attributed to the conformational
change of cellulose due to removal of noncellulosic material.

The peak position of C2 to C4 in the region 4000 to
3000 cm−1 is almost same but further investigated to monitor
the fine dilemma obtained for different H-bonding tracing
(Fig. 2d). The intramolecular hydrogen bonding of
O(2)H——O(6) and O(3)HO(5) and the intermolecular hy-
drogen bonding of O(6)H—O(3) in cellulose are generally
shown at 3460–3410, 3375–3340, and 3310–3230 cm−1, re-
spectively [46]. For dry bagasses, the corresponding peaks
were traced at 3447 cm−1, 3336 cm−1, and 3295 cm−1, respec-
tively. After treatment the peak at 3447 cm−1 has been shifted
to slightly lower region at around 3436 cm−1 up to C3.5 and at
around 3425 cm−1 for C4 sample. The low peak at 3336 cm−1

for DB is also showing low stretching at more or less same
region for all the sample responsible for the intramolecular
hydrogen bonding of O(3)H—O(5). The peak at 3295 cm−1

for O(3)H—O(6) intermolecular H-bonding [32] is also prom-
inent in C4 sample. In alkaline medium, the hydrogen bond of

Fig. 2 IR spectra of (a) ADB and DB. (b) C1 and C1.5, (c) C2 to C4, and (d) absorption spectrum of samples in the range of 3250–3550 cm−1

Table 2 Different
parameters from FTIR
analysis

Sample HBI LOI TCI

DB 0.6197 0.4998 0.3562

ADB 0.5323 0.4398 0.3639

C1 0.5437 0.4360 0.3371

C1.5 0.5019 0.4285 0.3333

C2 0.5247 0.4210 0.3218

C2.5 0.5399 0.4275 0.3409

C3 0.5703 0.4365 0.3525

C3.5 0.5893 0.4371 0.3601

C4 0.6197 0.4374 0.3695
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native cellulose opens forming sodacellulose with high swell-
ing. Upon washing with distilled water and subsequent neu-
tralization by sulfuric acid, there will be regeneration of cel-
lulose molecule leading change in the direction of hydrogen
atom in −OH group. This regeneration of cellulose transforms
cellulose I to cellulose II to the extent depending on concen-
tration of alkali treatment [14]. This is also evident by the peak
at 3482 cm−1 for cellulose II starting from ADB to the subse-
quent sample. There is reduction in LOI value just after alkali
treatment (Table 3). LOI is related to the peak at around
1420 cm−1 which is attributed to CH2 symmetric bending or
scissoring motion. The ratio of 1424 cm−1/893 cm−1 or LOI
indicates the evidence of cellulose I in the cellulosic sample
[33]. Decrease in its magnitude in case of ADB indicates
conversion of cellulose I to cellulose II, and this decrease
continues up to C2 sample and then again increases up to
C4 sample but not higher than the DB. Similar observation
has also been confirmed by Kumar et al. [34] where LOI of
bagasse has been lowered after chemical processing than the
native bagasse. However, the increase from C2.5 to C4 may
be due to removal of amorphous portion of cellulose by chlo-
rite treatment. Xu et al. [68] also reported that chlorite treat-
ment for longer duration may lead to the dissolution of the
amorphous portion of cellulose through depolymerization
with the breakdown of β-(1,4) bonds between the saccharide
units of cellulose in amorphous portion. Dissolution of amor-
phous region leads to subsequent fibrillation of cellulose fiber
which is also evident by polarizing light micrograph. It is also
evident from the TCI data (Table 3), represented by the spec-
tral ratio of 1372 cm−1 and the strong peak at 2900 cm−1, that
alkali treatment renders increased TCI value due to removal of
noncellulosic cementing material [14]. After that the decrease
trend of TCI value up to sample C2 after alkali treatment
indicates removal of lignin material and opening of hydrogen
bond between the lignin and cellulosic −OH group showing a
decrease in HBI value [69] presented in Table 2. When ma-
trices in between cellulose microfibril aggregates are extract-
ed, cellulose microfibril aggregates may be rearranged. This
renders change in crystallinity also. Furthermore, prolonged

chlorite treatment leads removal of lignin as evident by re-
moval of peak for lignin in the FTIR spectra. Then cellulose
began to get exposed with continuous dissolution of amor-
phous cellulose with an increase in crystalline part of cellulose
supported by rise in TCI [68]. The size reduction of cellulose
by prolonged chlorite treatment is due to reduction of cellu-
lose degree of polymerization through oxidative cleavage of
the cellulose chain [26] which is also supported by particle
size analysis data. The higher crystallinity and HBI value for
C4 sample can be explained due to extreme fibrillation of
cellulose fiber by removal of cementing material followed
by subsequent rearrangement which renders new intermolec-
ular H-bond formation as evident by a new peak at 3295 cm−1

[32, 68]. The compact packing of cellulose chains decreases
the chain flexibility.

Figure 3 shows the variation of IR index values for C1 to
C4 sample with respect to the peak 895 cm−1, 672 cm−1, and
619 cm−1, and the reference peak is 2909 cm−1 to predict the
change in fine structure of cellulose. In all the three curves, the
maxima obtained at around sample C2.5 and then it falls grad-
ually. The intensity change in the 609 cm−1 band is influenced
by the torsional vibration of pyranose ring. The increase in the
value of IR index with the increasing time of chlorite treat-
ment indicates that the removal of cementing material from
bamboo allows the pyranose ring to undergo more torsional
vibration. The intensity change for the peak 895 cm−1 is asso-
ciated with conformational changes occurring during conver-
sion of cellulose I to cellulose II. It is well known that by alkali
treatment, cellulose I converts into cellulose II [14], but the
value still changes afterwards. This is probably due to the
change in surrounding of the cellulose chains by continuous
removal of noncellulosic material with alkali and subsequent
chlorite treatment. As those binding materials are getting re-
moved, the cellulose chains are having more free –OH groups
and change in amount of crystalline and amorphous cellulose.
The pyranose rings are being more strain free [1, 42]. After
that there is removal of amorphous cellulose by prolonged
chlorite treatment increasing crystalline part and hence
restricting the freemovement of cellulose molecules rendering
decrease in IR index value.

Figure 4 represents XRD data for the chlorite-treated ba-
gasse sample (C2–C4) and for DB and ADB in the insight. In
case of dry bagasse sample, a broad peak at around 2θ = 16.5°
and 22.5° and 34.6° [34] which are supposed to represent the
typical cellulose I structure. The peak at 14.5° is probably
merged with 16.5° and appeared as a broad one due to the
presence of impurities (such as lignin, hemicelluloses, pectins,
and amorphous cellulose) [42, 51]. This is further substantiat-
ed by the presence of both peaks after alkali treatment where
removal of hemicellulose has been achieved by alkali treat-
ment. It has already discussed in FTIR section. In case of
ADB sample, a short peak in between 20 and 21° also con-
firms the presence of cellulose II. The XRD patterns of all

Table 3 Different parameters obtained from AFM analysis of the
cellulose samples

Parameters Value (for C2) Value (for C4) Unit

Root mean square height 8.28 11.6 nm

Skewness 0.118 0.863

Kurtosis 3.66 7.20

Maximum peak height 38.8 96.9 nm

Maximum pit height 46.6 54.1 nm

Maximum height 85.5 151 nm

Arithmetic mean height 6.40 8.53 nm
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chlorite-treated samples exhibited peaks at 2θ around 16.5°,
22.5°, and 35° which were attributed to the planes of (1 1 0),
(2 0 0), and (040), respectively, representing that of cellulose I
[34]. The diffraction peaks at 2θ around 12.6° corresponding
to the (1 1 0) and a mid-shoulder in between 20 and 21°
corresponding to (101) plane were signed to cellulose II. It
has been established that during alkali treatment, conversion
from cellulose I to cellulose II takes place with the extent of
conversion depending on degree of alkali treatment [14].
Hence, the XRD peak for all the characterized samples is
showing the presence of respective peaks for both cellulose I
and cellulose II. Xu et al. [68] reported that with prolonged
chlorite treatment, dissolution of the amorphous cellulose took
place. That leads overlapping of two closely spaced peaks:

mid-shoulder in between 20° and 21° corresponding to (101)
and the highest peak at 22.5°. This may plausibly occur due to
change in crystal structure associated with removal of
impurities.

XRD data shows a linear trend of crystallinity with a drop
after alkali treatment. This means that peak width indicated by
full width half maxima (FWHM) due to crystallite size varies
inversely with crystallite size as the crystallite size gets small-
er, the peak gets broader. The chemical treatment made on
sugarcane bagasse in this work renders decrease in FWHM
values with parallel increase in crystallite site. As reported by
Das and Chakraborty [14] with alkali treatment, cellulose
forms sodacellulose first with dissolution noncellulosic mate-
rial mainly hemicelluloses and then with subsequent

Fig. 3 IR index for C1–C4 sam-
ples (1) 895 cm−1, (2) 672 cm−1,
and (3) 619 cm−1

Fig. 4 XRD plot of cellulose samples (a) C2–C4; insight DB and ADB; (b) curve fitting for degree of crystallinity; and (c) curve fitting for percent
crystallinity
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acidification cellulose regenerates. By this process, opening
up of H-bonding takes place along with further recrystalliza-
tion of cellulose. This is the reason behind the observation of
increase in crystallite size along with % crystallinity after al-
kali treatment [43]. It is evident from FTIR study that with
initial chlorite treatment hour, i.e., from C1.5 sample, lignin
components are absent. Hence after ADB XRD study has
been made with C2–C4 samples. With prolonged chlorite
treatment, lignin, hemicelluloses, and other amorphous mate-
rials are removed from the fiber bundle [1, 31, 38, 64] initially
leading to separation of fibril. It has been reported by Rezende
et al. [54] that lignin works as glue among the fibril. Due to
this fibrillation, the compact packing of cellulose structure has
lost leading to decrease in % crystallinity and crystallite size
up to C2 sample. This observation has also been supported by
the value of TCI and HBI obtained from FTIR study. Similar
observation has been reported by de Carvalho Benini et al.
[17] in their work of alkali treatment and subsequent three-
stage bleaching of Imperata brasiliensis grass. After alkali
treatment, there is increase in crystallinity followed by lower-
ing with first stage of bleaching and increase by later stages.
After C2 there is increase in % crystallinity due to removal of
amorphous cellulose by prolonged chlorite treatment [27, 68].
All these observations are well supported by the similar trend
in TCI and HBI value obtained with FTIR study. The highest
crystallite size is with C4 sample which possess highest value
for HBI, and an intermolecular H-bonding is also observed in
this case. Degree of crystallinity indicates the total mass frac-
tion of crystalline portion [55]. The trend of percent crystal-
linity has been also maintained in case of degree of crystallin-
ity value, and in both the cases, a polynomial curve has fit with
a regression value of 0.98 (Fig. 4). Mean orientation angle
obtained from the data are also given. This parameter is indic-
ative of spiral angle (the angle at which the fibril spirals
around the axis of the fiber). The decrease in orientation angle
is resulted from an increased orientation of fibrils with respect
to the fiber axis. There is not any marked difference in orien-
tation angle due to all the treatment. Herman’s orientation
factor fx is calculated from the mean orientation angle value,
and it has been found that fx value has been increased from
0.9424 to 0.9437. Increase fx indicates increase in modulus of
fiber (Das et al., 2006).

Higginbotham et al. (1962) predicted the presence alterna-
tive mechanism without involving chlorine dioxide and
chlorous acid. As per the present study, the pH of 2%
NaClO2 solution is around 12 indicating presence of excess
hydroxyl ion. As chlorous acid is a weak acid, its dissociation
is negligible showing alkaline pH.

NaClO2 þ H2O→Naþ þ OH− þ ClO2− þ Hþ

The ether group present in lignin undergoes hydrolysis
under the influence of hydroxyl ions with dissolution of the

soluble fraction of lignin as presented by the reaction scheme
in Fig. 5.

By the continuous reaction of OH- and lignin, the concen-
tration of OH- will decrease continuously shifting the equilib-
rium towards left by which the solution pH tends towards 8.
Then in the mediumH+ ion concentration increases as evident
from the pH shift and probably then the following reactions
take place to continue conventional delignification by chlorite
under pH at around 8.

5ClO2
− þ 2Hþ→4ClO− þ C1− þ 2OH−

3C1O2
−→2C1O− þ C1−

ClO−→Cl− þ 2O

The rate of reaction is very slow under this series of pH, but
the long duration of time at a temperature of around 80 °C
compensates the extent of bleaching.

Figure 6A shows the optical micrograph analysis of cellulose
in the view of dark field, and Fig. 6B presents the scanning
electron micrograph. From the figure, it can be seen that with
an increase in delignification time, the fibrillation is prominent.
Natural fibers are by default composite in nature in which cellu-
lose fibers are acting as the reinforcement and embedded in
hemicelluloses and lignin matrix with strong inter- and intramo-
lecular H-bonding. Those matrix materials when removed by
different chemical treatment, the compact composition of the
natural fibers was lost, and due to opening of H-bonding, free
–OH groups generation take place [20]. This change in cellulose
fibers leads them to smaller unit, fibril by the process of fibrilla-
tion [38]. The process of removal of matrix material from the
native bagasse and fibrillation is clearly evident from the mor-
phology by PLM and FESEM. The insight SEM picture in B1
and image A1 indicates that initial fiber bundles are tightly
bound with noncellulosic materials. The matrix material has
been started to dismantle with the alkali treatment (Fig. 6 (B2))
as evident from SEM micrographs, and continuous increase in
fibrillation is prominent by the series of chlorite treatment (Fig. 6
(A1–A6 and B3)). A clear separation of fibers is observed from
C3 (A5) which are getting finer and finer with higher chlorite
concentration rendering more intense fibrillation (A6) [17]. The
chemical treatments render roughness in cellulose fiber surface
(B4). All these observation substantiate the findings with FTIR
and XRD study. Consequently, it can be predicted that the ex-
tracted cellulose has higher aspect ratio and surface area which in
turn may improve interaction with functionalizing agent and/or
fiber–matrix interfacial bonding in case of composites fabrica-
tion [38].

The DLS analysis, displayed in Fig. 7, exhibits that as the
delignification time is increased, the hydrodynamic diameter
of the cellulose colloidal particles is reducedwhich contradicts
with XRD observation. The slight increase of the value for
C2.5 is probably due to the intermolecular H-bonding with the
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absorbed water molecules. The increase in value from C3.5 to
C4 is not very significant which indicates the chances of for-
mation of intra-/intersheet H-bonding in C4 which obeys the
XRD data also. The polydispersity indices ranged from 0.3 to
0.6, which measures the broadness of the size distribution.
Colloid with an index value below 0.05 is monodisperse, be-
low 0.08 is nearly monodisperse, 0.08–0.7 is midrange value,
and above 0.7 is a broad distribution [6]. The PDI value illus-
trates that the C2 and C4 are highly monodispersed, whereas
sample C3.5 shows highest polydispersity in particle size dis-
persion of particles in colloidal state. From the DLS curves
and the peak intensities, it can also be predicted that the par-
ticle size in water is continuously reducing fromC2 onwards
and more or less same for C3.5 and C4. The crystallinity of C2
is lower than the subsequent samples containing higher
amount of free −OH group as evident from lower HBI value,
and the optical microscope image shows that the fiber is not
too much free from amorphous material. These impurities and
free –OH group will help them to agglomerate easily and will
be hydrated in a larger size particle very easily [18]. The zeta
potential value also indicates the stability of the agglomerates.
Due to this agglomeration and hydration, they are stabilized
forming larger particle of uniform distribution indicated by the
PDI value. With prolonged chlorite treatment, the amorphous

portion of cellulose is continuously being removed indicated
by decreasing size of radius of hydration. It has been observed
that with removal of amorphous material, the polydispersity is
showing a large variation indicating a distribution of particle
size. With change in fibrillation of fiber as evident from mi-
croscopic image the particle and increasing crystallinity, they
have shapes which are devoid of spherical nature. During
Brownian motion of the colloidal suspension, the different
cellulose sample particles are capturing themselves giving rise
to particles or clusters of wide size distribution [19]. This has
been established further by increase in PDI value and zeta
potential value indicating different agglomerating tendency.
In case of the highest crystalline sample C4 with removal of
maximum amount of amorphous portion and extreme fibrilla-
tion, the particles are again showing monodispersity. The
greater the value of ζ-potential, the greater will be the colloidal
stability. Usually a value less than – 15mV indicates the onset
of agglomeration, while the values greater than − 30 mV gen-
erally represents that the colloidal dispersion is stable with
sufficient mutual repulsion [70]. In this case, the range of ζ-
potential is not showing high stability or high tendency to
agglomerate presenting a linear decreasing trend.

Figure 8 shows the surface morphology of C2 and C4 by
AFM. From Table 3, it can be clearly seen that both the

Fig. 5 Reaction scheme for delignification at alkaline pH and plot for change in pH during delignification
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skewness and kurtosis of C4 are greater than the C2 which
denotes the difference of the number of peaks and number of
valleys as well as the difference between the number of pits
and number of peaks of C4 which is greater than the C2.

Skewness (Ssk) is a measure of the distribution of roughness
shape relative to the mean (asperity). If Ssk has value greater
than zero, it indicates a surface dominated by peaks and less
than zero means a surface with pits or valleys (ISO 25178).
Here the value of Ssk is greater than zero in both the cases
which indicates that there are peaks present in the surface,
whereas the higher value of C4 indicates higher number of
peaks in the surface. The surface topography presented in Fig.
6 also exhibits the same fact. In case of topography, the phase
is identified with color, i.e., dark is low and bright is high [23].
The C4 topography is identified with brighter phase than C2,
and similarly in phase profile, there is more uniformity in
brighter phase. The higher amount of bright phase in C4 indi-
cates higher crystalline portion, whereas more dark regions in
C2 is for the presence of higher amount of amorphous portion
[35, 65]. Kurtosis (Sku) is a measure of the sharpness of the
roughness profile. Sku value greater than three indicates espe-
cially spike-like features, Sku equal to three implies a normal-
ly distributed surface, and Sku less than three indicates height
distribution which is skewed above the main plane (ISO
25178). The value for Sku for C2 and C4 is 3.66 and 7.20,
respectively, indicating higher concentration of spike-like fea-
ture in the surface. This result further established the increase
in crystallinity in C4 and dissolution of amorphous phase as
evident from FTIR and XRD study. Chen et al. [11] reported
that duringAFM study in contact mode, amorphous alloys can
generate a few deep pits, while crystalline alloys may have
both deep and shallow pits. The comparison of line profile for
both the sample also indicate higher amount of pit in C4 sam-
ple indicating higher crystallinity in the sample. The peak
height of C4 is higher than C2 indicating higher crystallite

Fig. 7 DLS plot of the cellulose
samples

Fig. 6 A1–A6, dark field optical micrographs of different samples
(magnification × 25). Sem micrographs: B1, untreated bagasse; B2,
alkali-treated bagasse; B3, alkali and 4-h chlorite-treated bagasse (C4);
B4, magnified view of C4 (all insight magnification × 1000, 10 μm)
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size which is also supported by XRD study. The higher peak
height for C4 is again substantiating the existence of intersheet
H-bonding in case of C4 in FTIR spectra. The root mean square
height, Sq, represents the standard deviation of height which is
also higher for C4. The arithmetic mean height Sa, measure of
surface roughness parameter, is 6.40 and 8.53 for C2 and C4
sample, respectively. This result also predicts that removal of
noncellulosic cementingmaterial and amorphous material from
the bagasse fiber increases the surface roughness continuously.
Similar observation is obtained with SEM and optical micro-
scope study. From the optical microscope image, it is clear that
fibers are fibrillated, i.e., form a loosely adhered fibrillar net-
work, but not separated into nanocrystalline form. This is very
much clear from AFM topograph. Comparing C2 and C4
topograph and phase profile, it is clear that the cementing ma-
terial is higher in concentration while in C4 higher surface
roughness removing more amorphous cellulose with clear ob-
servation of fibrillation. The average fibril diameter obtained
from height profile of C4 varies within 0.2 ± 0.1 μm (200 ±
100 nm) which is 0.5 ± 0.2 μm (500 ± 200 nm) for C2. The
more uneven nature of height profile for C4 indicates the sur-
face roughness and fibrillated network. The lowering of diam-
eter of cellulose fiber for C4 indicates increase in aspect ratio by
prolonged chlorite treatment under alkaline pH.

It has been reported by Barbosa et al. [3] that carbonyl and
carboxyl groups are important components of bleached ligno-
cellulosic material as during dissolution of amorphous cellu-
lose by acid chlorite treatment oxidative cleavage of cellulose
chain takes place [68]. Figure 9 shows UV-Vis absorbance
spectra of the cellulose samples against wavelength showing
a maximum absorbance near the wavelength 266 nm for all
the cellulose samples. It has been reported by Bos [7] that the
acetal linkage is not responsible for the absorption peak at
260 nm, but rather the ketonic carbonyl groups are supposed

to be responsible for this peak. The C4 shows the maximum
absorbance with a distinct peak indicating highest concentra-
tion of the carbonyl group due to longer time of exposure with
chlorite treatment. It has the lowest transparency among the
cellulose samples. This fact is also supported by the visual
evidence of transparency evident from Fig. 1. From XRD
study, the largest crystallite size is also obtained with C4 sam-
ple, and the transparency of a sample is inversely proportional
to crystallite size as the light scatter more with larger crystallite
instead of passing through.

Figure 10 represents the TGA plots of the dry bagasse,
ADB, C2, and C3.5. The thermal decomposition of all the
samples consists of three decomposition zone.

The first decomposition zone indicates loss of moisture (from
30 to 70 °C) which is adsorbed or attached to the cellulose
molecule or other noncellulosic material by intermolecular H-
bonding. The order of crystallinity for the samples varies as

Fig. 8 AFM surface morphology of C2 and C4 cellulose samples

Fig. 9 UV-Vis spectroscopy plot of cellulose samples
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DB<ADB>C2<C4; hence, the temperature for maximum
amount of water loss follows the same trend due to tight packing
of structure with increase crystallinity of cellulose. It is also
observed from the data that bound water is present in highest
amount in case of ADB due to presence of free –OH group by
removal of hemicelluloses and lignin. However, the amount is
decreasingwith increase in cellulose crystallinity and removal of
cementing material with other treated samples. From C2 to C4,
the amount of adsorbedmoisture is higher because with extreme
fibrillation of C4, the surface area of fiber increased [1]. This
factor prevails over crystallinity resulting in the higher amount
of adsorbed water [9].

The second region corresponds to cellulose rather than
hemicellulose as mentioned in thermal study of natural fibers
by other workers [4, 15, 53]. Natural fiber itself is composite in
nature, and merged degradation may be observed due to inte-
grated binding of cellulose fiber with other noncellulosic ma-
terial [15]. The peak for DB is at 322 °Cwhich has been shifted
to 285 °C for ADB and showing continuous increase to
333.36 °C for C2 sample and ends within 370 °C for C4. The
lowering of peak for ADB may be attributed to the removal of
hemicelluloses (as evident from FTIR study), generation of free
–OH group, and destruction of composite structure of the ba-
gasse fiber itself. With prolonged chlorite treatment, the fiber
resembles crystalline cellulose more approaching the degrada-
tion peak of α cellulose [15, 41]. All the chlorite-treated sam-
ples are showing better stability with respect to the degradation
temperature due to higher crystallinity of cellulose leading to
better packing of cellulose chains. Another fact is also evident
from the amount of degradation that with higher chemical treat-
ment, amount of cellulose is also increasing. The final decom-
position (from 410 to 470 °C) indicates char oxidation of cel-
lulose samples [12]. It is observed that with respect to percent
weight loss, dry bagasse shows highest amount as along with

charring of cellulose the cementing material present in dry ba-
gasse will also undergo decomposition at this higher tempera-
ture. Considering the percent residual weight, it can be predict-
ed that any treatment increase thermal stability of cellulose
sample. From sample C2 to C4, the thermal stability lowered
to some extent as this sample suffers more fibrillation of cellu-
lose with higher surface area and more susceptible to thermal
degradation.

4 Conclusion

Alkali treatment and chlorite treatment of sugarcane bagasse
alter the fine structure to a great extent. Delignification of
bagasse with sodium chlorite in alkaline medium to highly
fibrillated cellulose fiber with variation of treatment time is a
novel study carried out by present investigators. FTIR and
XRD study revealed that alkali treatment and lignin treatment
up to 1.5 h successfully removed the noncellulosic binding
material of bagasse and prolonged chlorite treatment up to
4 h further removed the amorphous portion of cellulose ren-
dering increase in crystallinity. However, chlorite treatment
was not carried out for further duration as the sample suspen-
sion lose a high degree of transparency which is further
established by sharp UV peak, radius of hydration obtained
in consecutive two samples is more or less the same. The best
sample of extracted cellulose is with high crystallinity with
dimension of 259.3 nm and PDI of 0.57. AFM study also
established extraction of highly crystalline cellulose particles
with removal of noncellulosic and amorphous cementing ma-
terial from bagasse with enhanced surface roughness and as-
pect ratio. Thermal stability of the sample is nearly similar for
ADB and C2 sample while considering the residual weight.
However, this is reduced with prolonged chlorite treatment

Fig. 10 TGA plot of the cellulose samples
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due to increase of surface area of fiber by excessive fibrilla-
tion. This highly fibrillated cellulose fiber possesses high as-
pect ratio and larger surface area which make them suitable as
reinforcing agent for biocomposite with a good interfacial
adhesion with matrix.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13399-020-01120-2.
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