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The present study aims to investigate the influence of factors such as the source of cellulose and cellulose extraction 
and acid hydrolysis conditions on the partial polymorphic transition of Cellulose I to the allomorphic form Cellulose II 
in cellulose nanocrystals (CNCs). CNCs were obtained from cellulose fibers extracted from four agro-industrial 
residues in Ethiopia: teff straw (TS), enset fiber (EF), sugarcane bagasse (SB) and coffee hull (CH). The cellulose fibers 
were extracted under chlorine-free extraction conditions, comprising alkaline pretreatment (with 17.5% (w/v) sodium 
hydroxide), then hydrolyzed with 64% (w/w) sulfuric acid to synthesize the CNCs. The as-obtained CNCs were 
characterized with X-ray diffraction (XRD), Attenuated total reflection-Fourier transform infrared (ATR-FTIR) 
spectroscopy, thermogravimetric analysis (TGA), and transmission electron microscopy (TEM). The XRD results 
revealed the CNCs isolated from cellulose fibers of EF and SB contained Cellulose I and II allomorphs like their 
cellulose precursors, but no Cellulose II was found in CH-CNCs. Morphological and dimensional studies of the CNCs 
by TEM showed shorter needle-shaped nanoscale structures. Higher alkaline conditions, with 17.5% sodium hydroxide, 
might not necessarily contribute to the polymorphic transition in lignocellulosic materials with higher lignin content, as 
evidenced in CH. Generally, the formation of Cellulose I and II allomorphs in the as-obtained CNCs was dependent on 
the cellulose source and cellulose extraction conditions, and less influenced by sulfuric acid hydrolysis.  
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INTRODUCTION 

Cellulose, a homopolymer with a linear β-
(1→4)-linked glucan structure, is the most 
abundant polysaccharide produced in nature.1,2 
Woody plants and cotton are the major 
conventional sources of cellulose. Recently, 
different agricultural wastes, such as wheat straw, 
fibers of curaua, ramie, kenaf, jute, sisal and buiti, 
and passion fruit peels, sunflower stalks, etc. are 
considered as potential sources of cellulose.1–4 
Other sources of cellulose include algae, marine 
creatures (tunicates), and bacteria.2 Cellulose 
exists in different polymorphs (Iα, Iβ, II, III1, III11, 
IV1  and  IV11),   and  naturally  occurs   as   either  

 
Cellulose Iα or Iβ. The Cellulose Iβ (monoclinic) 
crystalline plane is usually present in higher 
plants, while Cellulose Iα (triclinic) exists in 
algae, tunicates and bacteria. Cellulose II, which 
comprises antiparallel chains, can be prepared 
from Cellulose I by regeneration or mercerization 
with NaOH. Both cellulose chains of Iα and Iβ 
adopt parallel configurations without intersheet 
hydrogen bonding. The crystal lattice gradually 
changes from Cellulose I to Cellulose II at higher 
alkaline concentration, and the degree of 
polymerisation gradually decreases.2,3,5 In contrast 
to Cellulose I, Cellulose II has a more stable 
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structure, which makes it preferable for various 
applications.6 

Cellulose nanocrystals (CNCs), also known as 
nanocrystalline cellulose or cellulose 
nanowhiskers, are unique biopolymeric materials 
with nanometer size and needle-like crystal 
structure. CNCs are produced from plant sources 
with a diameter of 5-20 nm and 100-500 nm in 
length, mainly by heat controlled acid hydrolysis, 
followed by mechanical treatment.3,4,7,8 In the acid 
hydrolysis process, the amorphous regions in the 
cellulose are removed as they undergo hydrolytic 
cleavage, which is promoted by hydronium ions, 
with the release of the individual crystallites.9 

The CNCs usually retain Cellulose I allomorph 
after acid hydrolysis of disordered regions of 
Cellulose I materials. Cellulose II nanocrystals 
(CNCs-II) are usually produced from acid 
hydrolysis of mercerized cellulose. Additionally, 
CNCs-II are also prepared from Cellulose I 
sources under controlled reaction conditions, such 
as mercerization conditions and acid hydrolysis 
time.10 There are also reports indicating formation 
of CNCs-II from Cellulose I nanocrystals (CNCs-
I), mercerizing the latter ones.11 Cellulose I and II 
nanocrystal polymorphs are different in 
morphology, crystal structure, self-assembling 
structure, and performances of their derived 
composites for different industrial applications.10 
There are a few studies that focus on the influence 
of preparation conditions of CNCs on 
polymorphic transformation of the 
nanocrystals.6,10,12  

In this study, the influence of factors such as 
source of cellulose, cellulose extraction and acid 
hydrolyis conditions was investigated on the 
partial polymorphic transition of cellulose to form 
Cellulose I and II allomorphs. Accordingly, four 
different lignocellulosic materials: teff straw (TS), 
enset fiber (EF), sugarcane bagasse (SB) and 
coffee hull (CH), were considered in the current 
study.  

TS is a by-product of one of the most common 
staple plants, Teff (Eragrostis tef (Zuccagni) 
Trotter), in Ethiopia.13,14 EF is a by-product of 
kocho, a common local food in South and South 
West Ethiopia obtained from Enset plant (Ensete 

ventricosum (Welw.) Cheesman).15,16 Sugar 
industries generate large quantities of SB as a by-
product after sucrose extraction and bioethanol 
production.17 Ethiopia, among the top five coffee 
producers in the world, is the place of origin 
(Kaffa province) of Coffee arabica, which 
accounts for 65%-70% of the world’s coffee 

production, followed by Coffee canephora Pierre 
(Robusta). Coffee is among the most popular 
beverages on Earth.18,19 CH is an agro-industrial 
residue available in huge quantities in coffee 
processing enterprises across Ethiopia, causing a 
significant environmental burden on the 
government as well as on coffee processing 
enterprises.20  

 
EXPERIMENTAL 

Materials 
Brown TS, EF, SB and CH were collected from 

different parts of Ethiopia.20 Sodium hydroxide 97% 
(HiMedia, Mumbai, India), sulfuric acid 97% (BDH, 
England), formic acid (98%) (Central Drug House (P) 
Ltd. New Delhi, India), commercial cellulose (CC) 
(LOBA CHEMIE-Laboratory, glacial acetic acid 
(Riedel-de Haën), India), and hydrogen peroxide 30% 
(CARLO ERBA reagents, France) were used as 
received. 
 

Cellulose extraction 
Cellulose fibers were extracted from the four agro-

industrial by-products, following a three-stage 
treatment according to our previous method reported 
elsewhere.20 Briefly, the plant by-products were treated 
with 17.5% NaOH at 1/10 (w/v) solid/liquid ratio of 
dry material on a water bath at 90 °C for 1.5 h. The 
cooking by-products were filtered and washed 
repeatedly with hot distilled water. The pulps were 
further treated with a mixture of 20% formic acid 
(FA)/20% acetic acid (AA)/7.5% H2O2 (2:1:2) solution 
on water bath at 90 °C for 1.5 h, at a pulp to liquor 
ratio of 1:10 with continuous washing with hot water. 
Finally, the pulps were bleached with 7.5% H2O2 in 
alkaline media of 4% NaOH at 1:10 fiber ratio, first at 
room temperature for 30 min, then on the water bath at 
70 °C for 30 min. Finally, the pulps were washed 
continuously with hot distilled water to remove 
residual lignin, and dried in an oven (Kottermann® 
2711, Germany) for 24 h at 60 °C. The extracted 
cellulose fibers were designated as -Cel. 

 

Isolation of CNCs 
CNCs were obtained following a method we used 

previously.21 Accordingly, cellulose fibers extracted 
from the four plant by-products were hydrolyzed with 
64% wt/wt sulphuric acid (1:20 g/mL) at 45 °C for 30 
min under vigorous stirring. The resulting mixture was 
immediately diluted 10-fold with cold water, and 
centrifuged continuously (Beckman Coulter Avanti J-
20 XP Centrifuge, USA) for each 10 min at 9,000 rpm 
until a cloudy suspension was formed. The hydrolyzed 
suspension was then dialyzed through dialysis sacks 
(avg. flat width 35 mm, MWCO 12,000 Da, Sigma-
Aldrich, USA) against distilled water for 5 days. 
Finally, the suspension was homogenized by a 
disperser type Ultra-Turrax (Janke and Kunkel IKA-
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Labortechnik, Ultra-Turrax T50) for 5 min at 10,000 
rpm twice and sonicated (Bandelin SONOREX Digital 
10P, Sigma-Aldrich) for 5 min. The aqueous 
suspension thus obtained was lyophilized (Martin 
Christ Gefrieetrocknungsanlagen GmbH, CHRIST, An 
der UnterenSöse 50, 37520 Osterode am Harz, 
Germany). The yields of CNCs were estimated 
gravimetrically, considering the initial weight of the 
extracted celluloses. For comparison purposes, CNCs 
were also isolated from commercial cellulose (CC), as 
well as cellulose fibers extracted from the four plant 
materials using 5% NaOH in the pretreatment stage of 
cellulose extraction according to our previous study,21 
and followed by similar acid hydrolysis conditions. 
The CNCs obtained from CC and the cellulose fibers 
were designated as CC-NCs and CNCs-5%, 
respectively. 
 

Characterization of celluloses and CNCs 

Attenuated total reflection (ATR)-Fourier-

transform infrared (FTIR) spectroscopy studies 
The FTIR spectra of the CNCs and cellulose 

precursors were recorded in the range from 4000 to 
450 cm-1 using a PerkinElmer ATR-FTIR spectrometer 
(TWO DTGS, LIantrisant, UK), without further 
sample preparation. 
 

X-ray diffraction (XRD) 
The crystallinity of as-obtained CNCs and cellulose 

precursors was determined by an XRD-7000 X-ray 
Diffractometer MAXima (SHIMADZU Corporation, 
Japan) at 40 kV, 30 mA with monochromatic Cu-Kα 
radiation, typically with scan speed of 3.00 °/min and 
sampling pitch of 0.02°. Data acquired were plotted in 
Origin Pro 8.5.1 in a 2θ scale from 10 to 40.  

The crystalline indices (CrIs) or the degree of 
crystallization (DoC) of the samples were calculated 
following the three approaches1,21–24 below:  

a) the equation of Segal et al. (empirical method) 
also called peak height method:22 

              (1) 

where I200 is the maximum intensity at the plane; and 
Iam is the intensity peak of the amorphous region, at 2θ 
approximately 18°. 

b) the equation of Hermans et al. (peak 
deconvolution method):1,21 

               (2) 

where Acry is the sum of crystalline peak areas; and 
Atotal is the total area under the diffractograms. 

c) the equation of Zhang et al.:24 

              (3) 

where Io shows the intensities of the maximum 
diffraction from the baseline of the X-ray pattern and Ik 
indicates the intensity at the base level subtracted from 
this value Io. So, Io shows intensity at the 200 plane; 

and Ik is obtained by subtracting intensity at the 
amorphous region from intensity at the 200 reflection. 

Additionally, the extent of conversion of Cellulose 
I to Cellulose II in crystalline areas was derived from 
the equations indicated below:24–26 

                             (4) 

where Ir is relative intensity number; II and III (II + III = 
1.0) are the estimated intensity ratios of diffraction 
peaks with Miller indices of (110) and (11̅0) of 
Cellulose I to that of (110) Cellulose II. Ir is defined as 
zero for pure native cellulose and one for completely 
mercerized cellulose, intermediate values of Ir 
indicating partially mercerized cellulose. The intensity 
of III is estimated from diffraction peak (110) on CII 
and II arises from lattice planes (110) and (11̅0) on CI. 
II can be interpreted as the sum of intensities I14.7 + I16.1 
and III corresponds to the intensity I12.0, then the 
equation is analogous to Equation (5). 

The percentage of the Cellulose II form in the 
crystalline aggregation, equivalent to Ir, according to 
literature described elsewhere,24,25 was estimated from 
Equation 5: 

               (5) 

where I12.0, I14.7 and I16.1 represent the intensities of 
diffraction peaks around 12.0, 14.7 and 16.1 (2θ), 
respectively. 

The percentage of Cellulose II in the samples is 
calculated according to Equation 6:  

XII = DoC * CII                (6) 

The percentage of Cellulose I in the samples is, 
therefore given by:  

XI = DoC * (1- CII)               (7) 

After deconvolution of the respective XRD 
diffractograms following the Gaussian profile, 
parameters such as d-spacings (d), apparent crystallite 
size or thickness for the 200 plane (τ200), the proportion 
of crystallite interior chains for the 200 plane (X200), 
fractional variation in the plane spacing for the 200 
plane (∆d/d)200, and Z-values were obtained from 
equations described below.1,21,27,28 

The d-spacings were calculated using Bragg’s 
equation:1,21 

                (8) 

where λ is the wavelength of the incident X-rays, d is 
the interplanar spacing of the crystal and θ is the angle 
of incidence.  

The average crystallite sizes for the 200 plane were 
estimated from the XRD patterns by Scherrer’s 
equation:27 

                (9) 

where τ200 is the average crystallite size for the 200-
lattice plane, κ is the correction factor and usually 
taken to be 0.94, λ is the radiation wavelength (0.1542 

nm),  is the diffraction angle corresponding to 200-
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lattice plane and β is the peak width at half maximum 
intensity. 

The proportion of crystallite interior chains (X) was 
obtained from Equation (10):27,28 

              (10) 

where  is the apparent crystallite size for the 

reflection of lattice plane (200), and h = 0.57 nm is the 
layer thickness of the surface chain. 

Also, the fractional variation in the plane spacing 
∆d/d for the 200-lattice plane was calculated following 
Equation (11):21,28 

             (11) 

The Z-value indicates whether cellulose is Iα or Iβ. 
The function that discriminates between Iα or Iβ is 
given by Equation (12):1,21  

Z             (12) 

where d1 is the d-spacing of the (11̅0) peak and d2 is 
the d-spacing of the (110) peak. Z > 0 indicates Iα; 
while Z < 0 indicates the Iβ dominant type. 
 

Transmission electron microscopy (TEM) 
A droplet of the diluted CNC suspension of 0.05% 

(w/v) was sonicated and deposited on a formvar-coated 
copper grid. The specimen was negatively stained with 
2% (w/v) uranyl acetate or a 1% (w/v) phosphotungstic 
acid solution and dried at room temperature. The CNC 
samples were observed with a LIBRA 120 PLUS TEM 
(Carl Zeiss Microscopy, Jena, Germany) operating at 
120 kV. Images were taken with a BM-2k-120 Dual-
Speed on axis SSCCD-camera (TRS, Moorenweis, 
Germany). ImageJ was used to estimate the average 
length, diameter and aspect ratio, the ratio of the length 
to the diameter, of the respective CNCs isolated from 
each plant material. 
 

Thermogravimetric analysis (TGA) 
The thermal properties of the CNCs and cellulose 

precursors were examined with a TGA/DTG 
(Differential Thermo Gravimetry)-60H (SHIMADZU 
Corporation, Japan). The samples were heated from 
room temperature to 700 °C, at a heating rate of 10 
°C/min and a nitrogen gas flow rate of 60 mL/min. 
 

Statistical analysis 
All data presented are mean ± standard deviation 

(SD) of triplicate determinations, and were analyzed 
using OriginPro 8.5.1 (OriginLab Corporation, MA, 
USA) and Excel 2016. P value of less than 0.05 was 
considered to be significant difference, and Tukey’s 
test for one-way analysis of variance (ANOVA) was 
applied as necessary.  
 

RESULTS AND DISCUSSION 

Cellulose extraction, CNCs isolation conditions 

and yield 
During the process of isolation of CNCs, white 

gel-like materials from TS, EF and SB cellulose 

fibers were obtained after hydrolysis followed by 
centrifugation. However, the color of the material 
obtained from CH cellulose was yellowish black, 
which may indicate carbonization during the acid 
hydrolysis process or the presence of high lignin 
in the extracted cellulose (Table 1). It has been 
reported elsewhere that the yellowish color of 
CNCs could be due to carbonization of cellulose 
during hydrolysis and/or the presence of residual 
organic substrates, including lignin and 
hexenuronic groups.29 The CH had the highest 
lignin content both in the untreated material and 
the as-extracted cellulose20 (Table 1). 
Additionally, the formation of colored low-
molecular furan-type compounds or carbonyl 
groups in the cellulose chains is also the result of 
cellulose degradation.30 The highest CNCs yield 
was obtained from TS cellulose (56.3%), and the 
least from CH cellulose (30.0%). The yields of 
EF-CNCs and SB-CNCs were 54.7% and 42.0%, 
respectively. With respect to the untreated plant 
materials, EF-CNCs (~33%) had the highest 
CNCs yield and CH-CNCs the least (~11%) 
(Table 1).  
 
Crystallinity studies 

From the XRD patterns (Fig. 1), the CNCs 
isolated from EF and SB cellulose displayed the 
co-existence of Cellulose I and Cellulose II, 
similarly to their cellulose precursors. The partial 
conversion of Cellulose I to Cellulose II both in 
the cellulose fibers and the respective CNCs 
obtained EF and SB was confirmed by the 
presence of sharp diffraction peaks around 12.0°, 
20.0° and 22.0° 2θ, for the plane indices of (11̅0), 
(110) and (200), respectively, which were 
assigned to Cellulose II.31–33 Additionally, the 
appearance of a doublet in the main peak around 
22° 2θ also confirmed the CNCs from EF and SB 
cellulose contained Cellulose II type, unlike the 
CNCs-5%, which contained only Cellulose I.21 
The formation of a diffraction peak around 12.0° 
2θ in TS-CNCs, similarly to the TS cellulose 
precursors, showed the presence of a small 
fraction of Cellulose II. However, no formation of 
allomorphic Cellulose II in CNCs was exhibited 
in CH cellulose obtained using similar cellulose 
extraction, as well as acid hydrolysis conditions. 
The CH-CNCs and CC-CNs showed the typical 
peaks of only Cellulose I type structure at around 
15.0°, 16.0° and 22.0° 2θ.34 The XRD patterns of 
CNCs from TS, EF, SB and CH, and their 
cellulose precursors are shown in Figure 1.  
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Generally, the formation of Cellulose I and II 
allomorphs in the as-obtained CNCs was 
dependent on the cellulose source and cellulose 
extraction conditions, and less influenced by 
sulfuric acid hydrolysis. From the results, it is 

evident that sulfuric acid hydrolysis did not 
induce complete or partial polymorphic transition 
of Cellulose I to II in the CNCs isolated, except in 
TS.  

 
Table 1 

Composition of plant materials20 and yields of CNCs with respect to as-extracted cellulose and the untreated by-
products 

 

Composition/yields (%w/w) on dry basis 
Plant  
by-products Cellulose Lignin Hemicellulose 

CNCs from 
cellulose 

CNCs from 
by-products 

TS 36.7 ± 0.55 19.5 ± 1.02 23.6 ± 0.88 56.3 ± 2.45 20.7 
EF 60.0 ± 1.25 10.7 ± 0.65 18.5 ± 0.68 54.7 ± 2.54 32.8 
SB 39.5 ± 1.08 21.0 ± 0.95 23.4 ± 1.24 42.0 ± 4.21 16.6 
CH 35.5 ± 1.80 30.7 ± 0.36 14.8 ± 1.10 30.0 ± 3.56 10.6 

Data are presented as the mean ± SD (n = 3); (TS – teff straw; EF –enset fiber; SB – sugarcane bagasse; CH – coffee 
hull) 
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Figure 1: X-ray diffractograms of CNCs of EF and SB (a), and their cellulose precursors (b); and CNCs of TS 
and CH (c), and their cellulose precursors (d); (CNCs – cellulose nanocrystals; Cel – cellulose; TS – teff straw; 
EF –enset fiber; SB – sugarcane bagasse; CH – coffee hull; CC-NCs – cellulose nanocrystals isolated from 
commercial cellulose (CC) included for comparison) 
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However, the higher alkaline condition during the 
process of cellulose extraction, mainly in EF and 
SB, caused the partial conversion both in as-
extracted cellulose and the respective CNCs (Fig. 
1). A similar finding was reported in a previous 
study, where the acid hydrolysis of cellulose did 
not influence the crystallographic structure of 
CNCs.35 However, few studies indicate the 
contribution of sulfuric acid hydrolysis for the 
formation of Cellulose II or a mixture of 
Cellulose I and II allomorphs in the CNCs 
isolated from different sources, such as oil palm 
microcrystalline cellulose (MCC) I, eucalyptus 
cellulose I and recycled Tetra Pak packaging 
cellulose fibers, and Pongamia pinnata oil 
meal.10,36–38 

In this study, crystallinity indices (CrIs) were 
determined following three approaches – those of 
Segal et al., Hermans et al. and Zhang et al. (Eqs. 
1-3). Higher values of CrI for each material were 
observed by the Segal et al. method.39 Almost 
equivalent values of CrI were observed in all 
samples according to the Hermans et al. and 
Zhang et al. approaches. For comparison 
purposes, the method of Segal et al. for estimation 
of CrI is used, which is simple and gives helpful 
information on the relative degree of 
crystallinity.28,40–42 

From the CNCs containing a considerable 
fraction of Cellulose II allomorphs, EF-CNCs 
(76.4%; 56.7%) had higher CrI than SB-CNCs 
(65.4%; 44.8%), following the Segal et al. and 
Hermans et al. approaches, respectively. No 
drastic decrement of CrIs was recorded in the 
CNCs of EF and SB when compared to the CrIs 
of their cellulose precursors. Other studies also 
reported (slight) reduction of crystallinity of as-
obtained CNCs,37,43 which could be caused by 
partial degradation of the crystalline regions.44 
However, the CrIs of CNCs-I isolated from CH 
containing only Cellulose I, and TS-CNCs 
showed an increment, which could be due to the 
hydrolytic scission of the glycosidic bonds 
releasing individual crystals and removing the 
amorphous domains only.45  

Thus, cellulose extraction under higher 
alkaline conditions resulted in both partial 
polymorphic transition from Cellulose I to 
Cellulose II in the native cellulose and the 
respective CNCs isolated from TS, EF and SB. 
Furthermore, lower CrIs of CNCs obtained from 
EF and SB were recorded, as compared to CNCs 
isolated from cellulose fibers extracted under 

lower alkaline conditions (5% and 10% NaOH).21 
Generally, CrI continuously decreases in the 
CNCs with an increase in alkali concentration 
used in the treatment.11 

Table 2 shows different parameters obtained 
from the (deconvoluted) XRD of CNCs and their 
cellulose precursors, such as CrIs by the three 
approaches, d-spacings, crystallite sizes at the 200 
plane (τ200 values), the proportion of crystallite 
interior chains for the 200 plane (X200), as well as 
the fractional variation in the plane spacing for 
the 200 plane (∆d/d200) and Z-values (Eqs. 8-12). 
The Cellulose II fraction present in the EF-CNCs 
(78.9%) was the highest, followed by SB-CNCs 
(63.4%), TS-CNCs (41.9%), and CH-CNCs (0%), 
when considering the intensities at the diffraction 
lattices of 200 and 110 around 22 and 20o 2θ, 
respectively. Moreover, the percentages of the 
Cellulose II form in the crystalline aggregation 
and the cellulose samples were estimated 
employing the equations described elsewhere 
(Eqs. 4-7).24 The highest Cellulose II form was 
found in EF-CNCs (62.1%, 35.6%) in the 
crystalline aggregation and the samples, 
respectively, and the Cellulose I in the EF-CNCs 
was (37.8%, 21.8%), respectively. However, no 
fraction of Cellulose II was observed in CH-
CNCs, which could be due to high lignin content 
in CH, hindering polymorphic transition even at 
higher alkaline conditions in the pretreatment 
stage.20 

The d-spacings of the CNCs ranged from 
0.599-0.732, 0.449-0.528, 0.394-0.404, and 
0.257-0.260 for the lattice planes of 11̅0, 110, 200 
and 040, as shown in Table 2. Higher values of d-
spacings for the plane of 11̅0, and lower values 
for 110 lattice plane were recorded for EF-CNCs 
and SB-CNCs, where partial polymorphic 
transformation occurred. In a study reported 
elsewhere, the d-spacings of the 11̅0, 110, 200 
lattice planes for cellulose I are 0.601 ± 0.06, 
0.535 ± 0.05 and 0.392 ± 0.02, respectively. 
These values shifted to 0.741 ± 0.06, 4.43 ± 0.03 
and 0.408 ± 0.04 for Cellulose II.11 The τ200 
values of CNCs from the four plant sources 
ranged from 3.86-4.09 nm, and X200 and ∆d/d(200) 
ranged from 0.496-0.520; 0.0917-0.0980, 
respectively. There is an inverse relationship 
between CrIs and ∆d/d(200) of the CNCs (Table 2). 
Hydroxide ions penetrate easily into the matrix 
and therefore shift the concentration required for 
polymorphic transformation of CNC to a lower 
value and within a narrower range.11 The negative 
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numbers of the Z-values in the CNCs isolated 
from CH indicate that no complete or partial 
polymorphic transformation happened,46,47 as 
shown in Table 2 and in the XRD patterns (Fig. 
1).  
 
Chemical functionality studies  

As seen in Figure 2, the bands in the region 
around 3333 cm-1 represent the stretching 
vibration of the OH groups of cellulose in the 
CNCs and cellulose precursors. The transmittance 
bands around 2988-2900 cm-1 correspond to the 
CH stretching of methyl and methylene groups in 
cellulose,28,45 but intensified in the CNCs and 
celluloses extracted from TS and EF at higher 
alkaline conditions, with formation of double 
bands in the same region.44 The band around 1642 
is due to the adsorbed water in the CNCs as well 
as cellulose precursors. The bands around 1473 
and 1380 cm-1 reflect CH symmetric and 
asymmetric deformations, respectively. The 
absorbance at 1327 cm-1 is attributed to the CC 
and CO skeletal vibrations.48 The relative increase 
in the intensity of the band near 895 cm−1 (C1 
group frequency) in CNCs obtained at lower acid 
hydrolysis time indicates the coexistent of 
Cellulose II.10  

In studies by Oh and others,49,50 most FTIR 
bands, including those at 2901, 1431, 1282, 1236, 
1202, 1165, 1032, and 897 cm-1, were shifted to 
higher wavenumbers (by 2-13 cm-1) during 
transformation of Cellulose I to Cellulose II by 
mercerization (15-20 w/w% NaOH) and carbon 
dioxide treatment. However, the bands at 3352, 

1373 and 983 cm-1 shifted to lower wavenumbers 
(by 3-95 cm-1). 

The bands observed at ~1160 cm-1 and ~1101 
cm-1 are attributed to the ring CC bending 
vibration and COC glycoside ether bond of the β-
1,4-glycosidic ring linkages between the D-
glucose units in cellulose. The absorption in the 
range of ~1024–1047 cm-1 observed in the spectra 
of CNCs corresponds to the CH stretching 
vibration of the cellulose component. The bands 
at 1061 cm-1 refer to CO stretching.51 The band 
around 890 cm-1 in the spectra of cellulose and the 
respective CNCs is attributed to the interactions 
between β-glycosidic C1H deformation linkages 
and the glucose units of cellulose.28,52 

The appearance of a new small band around 
1205 cm-1 in the CNCs spectra is related to S=O 
vibration, and shows the esterification reaction 
during the acid hydrolysis process.45 The acid 
hydrolysis did not change the cellulose molecular 
structure in the formation of CNCs, rather 
intensified a few bands around 2900, 1370, 1230, 
1060 and 890 cm-1.53,54 

 
Morphological and dimensional analyses  

The morphological studies by TEM showed 
that all the CNCs obtained from the cellulose 
fibers extracted from the plant by-products were 
needle-shaped (Fig. 3). TEM images reveal the 
acid hydrolysis was effective in isolating CNCs. 
Relatively clear images were taken for most 
CNCs when phosphotungstic acid solution was 
used rather than uranyl acetate (images by uranyl 
acetate not shown). 
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Figure 2: FTIR spectra of CNCs isolated (left), and cellulose precursors (right); (CNCs – cellulose nanocrystals; Cel 

– cellulose; TS – teff straw; EF –enset fiber; SB – sugarcane bagasse; CH – coffee hull; CC-NCs – cellulose 
nanocrystals isolated from commercial cellulose (CC) included for comparison) 
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Table 2 
Parameters obtained from (deconvoluted) XRD of Cellulose II allomorphs in CNCs from TS, EF and SB, and Cellulose I allomorph in CNCs from CH,  

as well as their cellulose precursors 

 
d-spacings (nm) 

CrIs (%) according to 
Materials 

11̅0 110 200 040 
τ200 

(nm) 
X200 ∆d/d200 

Segal et al. Hermans et al. Zhang et al. 

Z-Values 

TS-CNCs 0.732 0.587 0.396 0.259 3.861 0.497 0.0963 81.21 53.96 60.91 160.76 
TS-Cel 0.732 0.563 0.396 0.259 2.935 0.374 0.1269 74.13 59.62 55.60 182.95 
EF-CNCs 0.734 0.449 0.404 0.257 3.876 0.498 0.0980 76.42 56.72 57.32 258.83 
EF-Cel 0.716 0.560 0.401 0.258 4.091 0.520 0.0920 78.79 59.05 59.09 156.88 
SB-CNCs 0.724 0.444 0.399 0.258 4.089 0.520 0.0917 65.43 44.84 49.07 276.33 
SB-Cel 0.731 0.547 0.394 0.257 3.881 0.499 0.0954 77.32 55.61 57.99 195.85 
CH-CNCs 0.599 0.528 0.394 0.260 3.859 0.496 0.0959 75.67 60.30 56.75 -11.15 
CH-Cel 0.613 0.539 0.397 0.261 3.483 0.453 0.1071 66.41 54.10 49.81 2.48 
CC-NCs 0.604 0.541 0.394 0.260 4.415 0.550 0.1287 74.91 54.77696248 56.18 -14.18 
CC 0.608 0.554 0.395 0.260 6.480 0.679 0.0573 87.23 64.77 65.42 -19.85 

(CNCs – cellulose nanocrystals; Cel – cellulose; TS – teff straw; EF –enset fiber; SB – sugarcane bagasse; CH – coffee hull; CC-NCs – cellulose nanocrystals isolated from 
commercial cellulose (CC) included for comparison) 
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The average length, diameter and aspect ratio of 
the CNCs ranged from 62 to 121 nm, 5.5 to 10.9 
nm, 8.95-16.38, respectively (Table 3). In our 
previous study, higher aspect ratios of CNCs from 
the four plant samples (17.32-36.68) were 
recorded when the CNCs were isolated from the 
cellulose fibers extracted with lower NaOH 
concentration (5%) in the pretreatment stage.21 In 

the literature, it was reported that higher alkaline 
concentration, as well as an increase in the acid 
hydrolysis time, resulted in a significant decrease 
in the average length and diameter of the CNCs 
because of the destruction of amorphous regions 
and even partial crystalline regions of 
cellulose.6,11,31,42,53 

 

  

  
Figure 3: Transmission electron micrographs of CNCs isolated from extracted celluloses (bar scale: 50 nm); (CNCs 

– cellulose nanocrystals; TS – teff straw; EF –enset fiber; SB – sugarcane bagasse; CH – coffee hull) 

 
Table 3 

TEM dimensional analysis of CNCs isolated from celluloses extracted from various plant byproducts 
 

Source (CNCs) Laverage(nm) Diameter D; Daverage (nm) Aspect ratio 

TS-CNCs 62.306 ± 13.166 2.5-15.05; 6.82 ± 3.25 9.14 
EF-CNCs 89.534 ± 21.401 6.67-18.15; 5.47 ± 1.939 16.38 
SB-CNCs 120.59 ± 24.576 6.22-17.46; 10.864 ± 3.21 11.10 
CH-CNCs 86.4 ± 17.469 3.54-13.31; 9.651±2.36 8.95 

(Laverage – average length; Daverage – average diameter of CNCs estimated by ImageJ Software; CNCs – cellulose 
nanocrystals; TS – teff straw; EF –enset fiber; SB – sugarcane bagasse; CH – coffee hull) 

 
According to studies reported elsewhere,12,35 

the Cellulose II of the CNCs had a smaller 
particle size than Cellulose I of the CNCs, which 
could be due to partial depolymerization of 
cellulose chains by mercerization. CNC particles 

with short length can be easily obtained when 
Cellulose I is converted to Cellulose II before 
sulfuric acid hydrolysis.6 Reports indicate that 
CNCs with high aspect ratios (above 10) exhibit 

TS-CNCs EF-CNCs 

CH-NCs SB-CNCs  
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good mechanical properties (bending strength, 
tensile strength and Young’s modulus).55  
 
Thermal properties 

Figure 4 displays the thermal degradation 
characteristics of CNCs isolated, and their 
cellulose precursors. A clear difference was 
observed in the TGA and corresponding DTG 
(Differential Thermo Gravimetry) curves of 
cellulose and the respective CNCs. The first 
temperature range between 30-110 °C showed a 
small weight loss (3.9-5.6%) at Tmax 59-67 °C, 
mainly due to water evaporation.56 The onset 
degradation temperature (Ti), the maximum 
degradation temperature (Tmax) and maximum 
weight loss (rate), as well as residue at 550 °C, of 
the CNCs and cellulose precursors are listed in 
Table 4. 

Two major degradation regions were observed 
from the DTG curves of all CNCs. The first 
degradation stage, with a weight loss of 34-38%, 
occurred in the region at 134-300 °C (Tmax: 215-

233 °C; (weight loss rate: 0.18-0.21%/°C), which 
is mainly due to decomposition of sulfate half 
ester groups and large specific surface area of 
cellulose chains, when compared to the cellulose 
precursors (Tmax: 328-346 °C). The other 
degradation step was recorded in the region of 
277-465 °C (Tmax: 335-358 °C), with a weight 
loss of 19-24%, due to breakdown of the interior 
non-sulfated cellulose crystals.10,40,57 As depicted 
in Figure 4 and Table 4, the reduction in thermal 
stability was more pronounced for the conversion 
of cellulose to CNCs rather than the partial 
polymorphic transition from CNC-I to CNC-II. 
Such a lower degradation temperature in the 
CNCs may be attributed to the introduction of the 
negatively charged sulfate half ester groups and a 
larger number of free ends of chains in CNCs 
caused by the sulfuric acid hydrolysis The thermal 
degradation behaviors of CNC-I and CNC-II were 
similar, and the acid hydrolysis had a slight effect 
on the thermal degradation behaviors of CNC-I 
and CNC-II, as reported elsewhere.6,31 
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Figure 4: Thermal degradation characteristics of as-isolated CNCs using TGA (a) and DTG (b), and their cellulose 
precursors using TGA (c) and DTG (d); (CNCs – cellulose nanocrystals; Cel – cellulose; TS – teff straw; EF –enset 
fiber; SB – sugarcane bagasse; CH – coffee hull; CC-NCs – cellulose nanocrystals isolated from commercial 
cellulose (CC) included for comparison) 
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Table 4 

Summary of thermogravimetric characteristics of TGA and DTG of the CNCs and cellulose precursors 
 

Material 
∆T 
(°C) 

Tmax 
(°C) 

Weight 
loss (%) 

Weight loss rate 
(%/°C) 

Ti 
(°C) 

Residue 
at 550 °C (%) 

29.77-110.22 59.94 5.64 0.0548 

134.96-283.58 219.16 38.13 0.2069 TS-CNCs 

284.72-413.59 334.80 20.38 0.1012 

134.96 16.99 

29.70-109.04 61.69 6.25 0.1081 
207.15-390.23 342.88 47.52 1.0979 TS-Cel 

390.23-550.00 517.18 14.11 0.0797 

207.15 9.73 

29.77-109.56 59.04 5.36 0.0510 

133.95-287.37 216.65 36.82 0.1815 EF-CNCs 

287.37-418.71 335.76 18.78 0.1011 

133.95 26.36 

29.99-121.38 65.62 3.15 0.0846 

210.43-400.22 346.67 69.04 1.6778 EF-Cel 

400.22-550.00 438.86 5.81 0.0637 

210.43 20.66 

29.77-105.07 65.91 3.93 0.0367 

139.53-300.39 233.27 37.99 0.1779 SB-CNCs 

300.39-433.82 351.61 18.55 0.0884 

139.53 29.12 

29.72-125.25 57.64 4.85 0.1382 

199.76-399.47 340.68 66.59 1.4264 SB-Cel 

399.47-550.00 469.58 7.40 0.0759 

196.76 20.26 

29.77-108.21 66.69 3.85 0.0339 

134.96-272.07 214.15 33.63 0.2050 CH-CNCs 

276.57-464.69 357.53 24.04 0.0893 

134.96 31.86 

29.77-109.00 56.35 5.48 0.0568 

282.45-390.20 327.57 46.24 0.4862 CH-Cel 

390.20-550.00 423.13 9.91 0.0392 

282.45 21.56 

29.77-108.65 59.94 5.29 0.0495 
152.56-171.4 158.6 5.52 0.1484 

142.00-237.01 206.244 28.60 0.1903 
CC-NCs 

286.85-478.15 361.67 22.58 0.0868 

152.56 31.90 

30.16-108.49 62.60 4.70 0.0749 

268.93-378.50 338.76 62.20 1.2165 CC 

378.50-550.00 463.49 9.85 0.0470 

268.93 15.91 

(CNCs – cellulose nanocrystals; Cel – cellulose; TS – teff straw; EF –enset fiber; SB – sugarcane bagasse; CH – coffee 
hull; CC-NCs – cellulose nanocrystals isolated from commercial cellulose (CC) included for comparison) 

 
However, a decrease in thermal stability was 

also exhibited in cellulose fibers or CNCs upon 
polymorphic transition from Cellulose I to 
Cellulose II.58 

Enhanced thermal stability was also reported 
elsewhere,38,59 indicating that mercerized samples 
had better thermal stability properties. All the 
CNCs exhibited higher char residues at 550 °C 
than their cellulose counterparts due to a 

dehydration effect of the sulfate group as flame 
retardants.10,57,60 Furthermore, the CNCs also 
showed slightly higher char residues at 550 °C 
than CNCs-5% reported in our previous work.21  

 

CONCLUSION 

Under higher alkaline conditions, cellulose 
extraction resulted in partial polymorphic 
transition of native cellulose of TS, EF and SB 
and the respective CNCs into Cellulose II. The 
allomorphic CNCs exhibited reduced CrIs, yield, 
length and aspect ratios, as compared to CNCs-
5%. Morphological and dimensional studies by 

TEM revealed formation of needle-shaped nano-
scaled particles. TGA revealed two major 
decomposition processes of the CNCs at Tmax 
215-233 °C and 335-358 °C. In general, the 
physicochemical properties of the isolated CNCs 
were dependent on the source of cellulose, 
cellulose extraction and acid hydrolysis 
conditions, while the polymorphic transitions 
were mainly dependent on sources and extraction 
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conditions of cellulose. Lignocellulosic materials 
with high lignin content, such as CH, do not 
easily undergo polymorphic transition even under 
higher alkaline pretreatment conditions. The 
higher alkaline condition also resulted in lower 
degree of crystallinity, crystal size, and aspect 
ratio. In conclusion, CNCs with Cellulose I and 
Cellulose II allomorphs can be produced via 
controlled treatment conditions from plant by-
products based on their chemical compositions. 
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