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Abstract
Recently, cellulose nanocrystals (CNCs) have captured the interest of researchers and industries. In this study, CNCs were 
isolated from four abundant lignocellulosic byproducts: teff (Eragrostis tef, Poaceae) straw, enset (Ensete ventricosum, 
Musaceae) fiber (EF), sugarcane (Saccharum officinarum, Poaceae) bagasse and coffee (Coffea arabica, Rubiaceae) hull 
(CH). Cellulose fibers were obtained using chlorine-free extraction with 5% sodium hydroxide pretreatment followed by 
delignification (with formic acid, acetic acid and hydrogen peroxide) and bleaching (with alkaline hydrogen peroxide). CNCs 
were then isolated following hydrolysis of the cellulose fibers with 64% sulfuric acid. The as-obtained CNCs were investigated 
and characterized in terms of yield, crystallinity, chemical functionality, morphology, particle size, zeta potential (ZP) and 
thermal stability. The CNCs displayed a typical crystal lattice of  Iβ-type based on XRD patterns, d-spacings and Z-values. 
The highest yield (~ 70%), CrI (~ 86%), and crystal size (~ 6 nm) were observed in EF–CNCs, and the least in CH–CNCs 
(yield: ~ 25%, CrI: ~ 77%, crystal size: ~ 4 nm). FTIR spectra of all CNCs indicated typical chemical composition of cellulose. 
TEM observations revealed that the CNCs were needle-shaped nanoscale structures with different aspect ratios (17.32–36.67) 
and dimensions (average length: 154.28–193.06 nm; diameter: 5.16–11.79 nm), while the DLS measurements provided the 
hydrodynamic sizes, 96.96–184.90 nm. The thermal studies by TGA/DTG revealed the CNCs had a two-step decomposition 
process at  Tmax 215–225 °C and 340–355 °C. This study showed that the CNCs isolated exhibited high crystallinity, aspect 
ratio, colloidal and thermal stability although differences were observed due to variations in cellulose sources.
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Abbreviations
C1 and C2  Cellulose fibres extracted with 

extraction Conditions 1 and 2, 
respectively

CC  Commercial cellulose
CC-CNCs  Cellulose nanocrystals isolated 

from commercial cellulose

CH  Coffee hull
CNCs-C1 and CNCs-C2  Cellulose nanocrystals isolated 

from C1 and C2, respectively
CrI(s)  Crystallinity index/indexes
DLS  Dynamic light scattering
DTG  Differential thermo gravimetry
EF  enset Fiber
FTIR  Fourier-Transform Infrared 

spectroscopy
HA  Hermans et al. approach
SA  Segal et al. approach
SB  Sugarcane bagasse
TEM  Transmission electron 

microscopy
TGA   Thermogravimetric analysis
TS  teff Straw
X200  The proportion of crystallite 

interior chains for the 200 plane
XRD  X-ray diffraction
ZP  Zeta potential
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Δd/d200  The fractional variation in the 
plane spacing for the 200 plane

τ200  Average thickness (size) of 
cellulose crystallites for the 200 
plane

Introduction

Cellulose, the most abundant polysaccharide on Earth, is 
the biosynthetic product from plants, animals, or bacteria. 
Because of its unique properties such as abundance, bio-
degradability, cost effectiveness, light weight, high tensile 
strength and stiffness, cellulose is widely used in various 
industries [1, 2].

Woody plants and cotton are the major sources of cellu-
lose and cellulose derivatives for different industrial appli-
cations mainly in pharmaceutical, textile, energy and paper 
industries, but different factors such as economic and envi-
ronmental concerns have forced researchers and stakeholders 
to look for other potential substitutes [3]. Additionally, it is 
reported that agro-industrial fibers have low cost, huge avail-
ability, and are easy to collect and are attractive alternative 
materials to wood, cotton, and linter [4].

Nanocelluloses are natural materials with defined nano-
scale structural dimensions. The three main classes of 
nanocelluloses are (a) cellulose nanocrystals (CNCs), also 
referred to as nanocrystalline cellulose and cellulose nano-
whiskers, (b) cellulose nanofibrils, also referred to as nano-
fibrillated cellulose, and (c) bacterial cellulose [5, 6].

CNCs are biopolymeric materials with diameter of 
5–30 nm and length of 100–500 nm having needle- or rod-
like crystal structure. CNCs have unique physicochemical 
properties such as higher surface area, reactive hydroxyl 
group in the surface, biocompatibility, etc. Consequently, 
CNCs have captured the interest of researchers and indus-
tries as they are suitable for many advanced functional 
applications such as tissue engineering, drug delivery, rein-
forcement of composite materials, template for nanomate-
rial synthesis, protein or enzyme immobilization, emulsion 
stabilizer, etc. [5, 7].

CNCs have been isolated from different lignocellulosic 
resources such as cotton gin motes and cotton gin waste [8], 
pineapple crown waste or peel [9–11], banana pseudo-stem 
residue [12], sago fronds [13], oil palm empty fruit bunch 
pulp [14], wheat bran [15], Posidonia oceanica waste bio-
mass [16], seaweed (Gelidiella aceroso) [17], mandacaru 
(Cereus jamacaru DC.) spines [18], lemon seeds [19] and 
so on.

CNCs are isolated by various methods such as acid 
hydrolysis, ammonium persulfate and 2,2,6,6-tetramethyl-
piperidine 1-oxyl (TEMPO)-mediated oxidation [19], deep 
eutectic solvent [20], ball mill assisted solid acid hydrolysis 

[21], enzyme-assisted hydrolysis, mechanical disintegration 
and high-pressure homogenization [22]. Acid hydrolysis is 
the most effective method for CNCs isolation. Most authors 
reported the use of sulfuric acid for preparation of CNCs due 
to its versatile tuning of the surface charge density that endows 
CNCs suspensions higher colloidal stabilities [11, 12, 23], but 
others also reported nitric acid [24], phosphoric acid [25, 26], 
phosphotungstic acid [27], hydrochloric acid [28, 29], citric/
hydrochloric acid hydrolysis [26] and hydrobromic acid [30].

CNCs are usually prepared from extracted cellulose fib-
ers or highly refined cellulose products. The chemical treat-
ment process can alter the physicochemical properties of 
the cellulose fibers [8]. In most studies, alkaline treatment 
and bleaching with sodium chlorite solutions are commonly 
employed for extraction of cellulose fibers prior to isolation 
of CNCs [8, 15, 19, 26, 31].

In this study, four abundantly available lignocellulosic 
byproducts namely, teff straw (TS), enset fiber (EF), sug-
arcane bagasse (SB) and coffee hull (CH) were used for 
chlorine-free extraction of cellulose fibers and CNCs.

Teff (Eragrostis tef, Poaceae) is one of the most com-
monly cultivated staple food crops for the majority of people 
in Ethiopia. TS is the solid byproduct generated in large 
quantities during threshing to obtain starch-rich tiny teff 
grains [32, 33]. Enset (Ensete ventricosum, Musaceae), a 
unique crop and perennial herb plant resembling banana, 
provides the staple food for around 20 million Ethiopians. 
EF is extracted mainly from the pseudostem and leaves, 
largely as a byproduct [34, 35]. Sugarcane (Saccharum offic-
inarum, Poaceae) plays a significant role in the Ethiopian 
economy. The booming sugar industries in Ethiopia aim-
ing for annual production of 3.9–4.17 million tons of sugar, 
and 181 million L ethanol will generate massive cellulose-
rich SB [36]. Ethiopia, a leading coffee (Coffea arabica, 
Rubiaceae) producer (441,000 metric tons) in Africa, ranks 
the fifth largest producer and tenth exporter globally [37]. 
During coffee bean processing, large amounts of byproducts 
mainly CH, are generated and discarded or dumped into a 
landfill [38].

To the best of our knowledge, no work has been reported 
on extraction and characterization of CNCs from the abun-
dant lignocellulosic materials: TS, EF, and CH for potential 
value-added applications. Isolation of CNCs from SB was 
included due to its massive abundance and for comparison 
purposes.

Materials and Methods

Materials

TS and EF were purchased from Merkato and Doyogena, 
local markets in Addis Ababa and Kambata Tembaro Zone, 
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Ethiopia, respectively. SB and CH were supplied by the 
Metehara Sugar Factory and the Ethiopian Coffee Process-
ing and Warehouse Enterprise, Ethiopia, respectively. Gla-
cial acetic acid (Riedel-de Haën), sodium hydroxide 97% 
(HiMedia, Mumbai, India), sulfuric acid 97% (BDH, Eng-
land), formic acid (98%) (Central Drug House (P) Ltd. New 
Delhi, India), commercial cellulose (CC) (LOBA CHEMIE-
Laboratory, India), and hydrogen peroxide 30% (CARLO 
ERBA reagents, France) were used as received.

Preparation of CNCs

Cellulose Extraction

Cellulose fibers were extracted from the four plant byprod-
ucts: TS, EF, SB and CH following a three-stage treatment 
reported in our previous work [39]. Briefly, the plant byprod-
ucts (each 20 g) were pretreated with 5% NaOH (for extrac-
tion condition 1) or 10% NaOH (for extraction condition 2), 
1/10 (w/v) solid/liquid ratio of dry material on a water bath 
at 90 °C for 1.5 h. Pulps of the byproducts were filtered and 
washed continuously with hot distilled water. At delignifi-
cation stage, 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 byprod-
uct to liquor ratio of 1:10 with continuous washing with hot 
water. Finally, the pulps were bleached with 7.5%  H2O2 in 
alkaline media (adding 8 g of NaOH) at 1:10 fiber ratio, first 
at room temperature for 30 min, then on water bath at 70 °C 
for 30 min. Finally, the pulps were washed repeatedly with 
hot distilled water to remove residual lignin, and dried in an 
oven (Kottermann® 2711, Germany) for 24 h at 60 °C. The 
extracted celluloses following extraction condition 1 and 2 
were designated as C1 and C2, respectively.

Acid Hydrolysis

First, the extracted celluloses (C1 or C2) from the plant 
byproducts, and CC were hydrolyzed with 64% (w/w) sul-
furic acid (1:20 g/mL) at 45 °C for 30 min under vigorous 
stirring at 1500 rpm (the resulting NCs designated as CNCs-
C1 and CNCs-C2, CC-CNCs). Immediately following the 
hydrolysis, the suspension was diluted tenfold with chilled 
distilled water to quench the hydrolysis reaction, and cen-
trifuged successively at 4 °C (Beckman Coulter Avanti J-20 
XP Centrifuge, USA) for 10 min each at 9000 rpm to remove 
the excess acid. The precipitate was then dialyzed in dialysis 
sacks (Avg. flat width 35 mm, MWCO 12,000 Da, Sigma-
Aldrich, USA) with distilled water to remove non-reactive 
sulfate groups, salts and soluble sugars, until neutral pH was 
reached (5 days). Subsequently, the resulting suspension of 
dialysis process was treated using a disperser type UltraTur-
rax (Janke and Kunkel IKA-Labortechnik, Ultra-Turrax T50) 

for 5 min at 10,000 rpm twice and sonicated (Bandelin SON-
OREX Digital 10P, Sigma-aldrich) for 5 min. The aqueous 
suspension thus obtained was freeze-dried in a lyophilizer 
(Martin Christ Gefrieetrocknungsanlagen GmbH, CHRIST, 
An der UnterenSöse 50, 37520 Osterode am Harz, Germany) 
and dried for 72 h to obtain CNCs powder [2, 40–42].

Yield Determination

The yields of CNCs were estimated gravimetrically, follow-
ing successive extractions of celluloses from the byproducts, 
and CNCs from as-extracted cellulose fibers.

Determination of Chemical Composition

The chemical compositions of the untreated plant byprod-
ucts and the as-extracted celluloses, such as cellulose, lignin, 
and hemicellulose contents were determined according to 
the methods stated elsewhere [39, 43–45], as described in 
the supplementary material.

X‑ray Diffraction (XRD)

The crystallinity of as-isolated CNCs and cellulose precur-
sors was analyzed with an XRD-7000 X-ray Diffractom-
eter MAXima (SHIMADZU Corporation, Japan) at 40 kV, 
30 mA with monochromatic Cu-Kα radiation, typically with 
scan speed of 3.0000°/min and sampling pitch of 0.0200°. 
Data acquired were plotted in Origin Pro 8.5.1 in a 2θ scale 
from 10 to 40.

The crystalline indexes (CrI) were determined following 
two Eqs. (1 and 2) [1, 46, 47]: (a) equation proposed by 
Segal et al. (Empirical method):

where  I200 is the maximum intensity (in arbitrary units) of 
the diffraction from the 200 plane, and  Iam is the intensity of 
the background scatter.

(b) Hermans et al. equation (Peak deconvolution method):

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

XRD diffractograms of the as-isolated CNCs and cel-
lulose precursors were deconvoluted following Gaussian 
profile, and parameters such as d-spacings (d), apparent 
crystallite size or thickness for the 200 plane (τ200), the pro-
portion of crystallite interior chains for the 200 plane  (X200), 
fractional variation in the plane spacing for the 200 plane 

(1)CrI =
(I200 − Iam)

I200
× 100%

(2)CrI =
Acry

Atotal

× 100%
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(Δd/d)200, and Z-values were determined using equations 
described elsewhere (3–7) [1, 48, 49].

The d-spacings were calculated using the Bragg equation:

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 thickness of cellulose crystallites was esti-
mated from the XRD patterns by using Scherrer’s equation:

where τ is the crystallite dimension/size, κ is the correction 
factor and usually taken to be 0.94, λ is the radiation wave-
length (0.1542 nm), � is the diffraction angle corresponding 
to 200 plane and β1/2 is the peak width at half maximum 
intensity.

The proportion of crystallite interior chains (X) is calcu-
lated using the equation:

where τ is the apparent crystallite size for the reflection of 
plane (200), and h = 0.57 nm is the layer thickness of the 
surface chain.

Also, the fractional variation in the plane spacing Δd/d 
for the 200 plane was calculated following the equation:

The Z-value indicates whether cellulose is  Iα or  Iβ. The 
function that discriminates between  Iα or  Iβ is given by 
equation:

where  d1 is the d-spacing of the (1–10) peak and  d2 is the 
d-spacing of the (110) peak.

Fourier‑Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of the as-isolated CNCs as well as cellu-
lose precursors, and CC were examined with a Perkin Elmer 
FTIR spectrometer (L1600400 Spectrum TWO DTGS, SN: 
108152, LIantrisant, UK) in the infrared range from 4000 to 
450 cm−1, with no further sample preparation.

Transmission Electron Microscopy (TEM)

A diluted CNC suspension of 0.05% (w/v) was prepared by 
sonication and then a drop of the suspension was deposited 

(3)d =
�

2sin θ

(4)� =
��

�1∕2 cos �

(5)X =
(τ − 2h)2

τ2

(6)Δd

d
=

�

2tanΘ

(7)Z = 1693d1 − 902d2 − 549

on a formvar-coated copper grid. The specimen was nega-
tively stained with 1% (w/v) phosphotungstic acid solution 
and dried at room temperature. Images of CNCs-1 samples 
were taken with an EM 900 TEM (Carl Zeiss Microscopy, 
Jena, Germany; acceleration voltage 80 kV). Electron micro-
graphs were taken with a slow scan camera (Variospeed 
SSCCD camera SM-1 k-120, TRS, Moorenweis, Germany).

Particle Size Analysis

The hydrodynamic size of the CNCs was measured using 
Malvern Instruments Zetasizer Nano ZS, dynamic light scat-
tering (DLS) in backscattering mode at an angle of 173° and 
wavelength of 659 nm. The aqueous suspension of CNCs 
(0.05% w/v) were prepared from the freeze-dried samples. 
The results were averaged over three measurement cycles of 
16 runs each at 25 °C after 120 s equilibration time.

Zeta Potential (ZP)

The ZP of aqueous suspension of CNCs (0.05% w/v) in 
0.1 N PBS was measured with Malvern Instruments Zeta-
sizer Nano ZS working on electrophoretic mobility. The 
measurements were carried out at a temperature of 25 °C 
after 120 s equilibration time at a wavelength of 659 nm.

Thermogravimetric Analysis (TGA)

Thermal stability of the as-obtained CNCs and cellulose 
precursors was determined with 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.

Results and Discussion

Effect of Isolation Conditions and Yield of CNCs

The chlorine-free cellulose extraction condition proved suc-
cessful removal of lignin and hemicellulose after chemical 
treatments of the raw materials. Regarding the untreated 
materials, EF had the highest cellulose content (60.0%), 
followed by SB (39.5%), TS (36.7%) and CH (35.5%). TS 
contained comparable hemicellulose content as SB (~ 23%), 
but much higher than EF (~ 17%) and CH (~ 15%), and 
EF exhibited the lowest lignin (~ 13%) and CH the high-
est (18%). The cellulose content increased significantly in 
the as-extracted cellulose fibers, and the highest cellulose 
content (~ 95%) was observed in cellulose extracted from 
EF, followed by celluloses obtained from SB (~ 91%), TS 
(~ 90%), and CH (~ 80%). The two concentrations of sodium 
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hydroxide (5% and 10%) were used in the pretreatment step 
to investigate the effect of OH– concentration on the crystal-
linity of as-prepared cellulose, and then on CNCs, and the 
details are discussed under subsection: Crystallinity of the 
CNCs.

The key process parameters in the isolation of CNCs 
are mainly acid concentration, hydrolysis temperature and 
time. The optimal CNCs extraction condition reported 
by several researchers is hydrolysing the bleached or as-
extracted cellulose with 64–65% sulfuric acid at 45 °C for 
30–40 min [50–52], at fiber to acid ratio of 1:20 (g/ml), and 
homogenizer speed of 10,000 rpm [52]. The yield of CNCs 
decreases as temperature and reaction time increase. This 
is attributed to the additional hydrolysis of the amorphous 
regions of the cellulose as well as the degradation of the 
crystalline structures during the process [50, 53, 54]. XRD 
analyses revealed that the crystallinity first increases upon 
hydrolysis and then decreases after long duration of hydroly-
sis [50, 55, 56]. Thermal stability was found to decrease as 
the hydrolysis time increase [50]. Furthermore, other cel-
lulose extraction conditions also influence the properties of 
the CNCs to be isolated [42, 57].

A turbid white mixture of materials from TS, EF and 
SB cellulose fibers and yellowish dark mixture from CH 
cellulose were formed during acid hydrolysis. White gel-
like materials from TS, EF and SB celluloses are obtained 
after first centrifugation (Fig. S1), however, the dark brown 
color of CH-CNCs may indicate the presence of relatively 
higher lignin content in the extracted cellulose. Apparently, 
untreated CH has 31% lignin content and the extracted cel-
lulose fiber (CH-cellulose) has 8%, the highest in the stud-
ied samples [39]. Similar observations on the influence of 
lignin content on the color of CNCs suspensions has been 
reported elsewhere [40]. Cellulose degradation with con-
comitant color-change occurs due to the formation of car-
bonyl groups in the cellulose chains, and also due to the 
formation of colored low-molecular furan-type compounds 
during the thermal degradation of carbohydrates [58].

The CNCs suspensions are found to be dispersed well 
with a milky white colloidal appearance after 10 days of 
storage at cold temperature as shown in Fig. 1, due to the 
repulsive forces of negative charge of sulfate in CNCs. The 
lyophilized CNCs are also showed in Fig. 1a.

The yields of the isolated CNCs from the cellulose fibers 
are given in Table 1. As shown in the Table, the CNCs yield 
depends on the source of cellulose.

Crystallinity of the CNCs

The as-isolated CNCs-C1 and CNCs-C2 like their cellulose 
precursors displayed a typical crystal lattice of Cellulose I, 
with the main diffraction signals around 2θ values of 15°, 
16°, 22° and 34° with assigned crystallographic plane of 

1–10, 110, 200 and 040, respectively after deconvolution 
using Gaussian profile as reported elsewhere [55]. The XRD 
patterns of CNCs-C1, and their cellulose precursors (C1) 
are shown in Fig. 2. The XRD patterns of CNCs-C2, and 
their cellulose (C2) precursors are also depicted in the sup-
plementary material (Fig. S2).

In this study, CrIs were determined following both Segal 
et al. and Hermans et al. approaches [1, 46, 47]. Higher val-
ues of CrIs were recorded following Segal et al. approach 
when compared to Hermans et al. approach for similar plant 
samples. Both approaches indicate distinct variation of CrIs 
during hydrolysis of cellulose using sulfuric acid (Fig. 3). 
As the Segal et al. approach is simple and provides useful 
information, it is the most frequently used approach to esti-
mate CrI in the literature [9, 49, 59].

CNCs-C1 isolated from EF exhibited the highest CrI 
(85.88%), a fibrous plant material (Musaceae) followed by 
TS and SB (84.84% and 81.64%) (Grass/Poaceae) and CH 
(77.20%) (Rubiaceae) using 5% NaOH in the pretreatment 
stage. Generally, CrIs increased in all isolated CNCs when 
compared to their cellulose precursors, except in CNCs iso-
lated from TS-C2, EF-C2 and CC. Such an increment of CrI 
was due to the hydrolytic scission of the glycosidic bonds 
releasing individual crystals and removing the amorphous 
domains [17, 60].

There was significant increment of the CrI of the cel-
lulose fibers when the raw materials were pretreated with 
10% NaOH instead of 5% NaOH, showing removal of con-
siderable amount of non-cellulosic materials when the raw 
materials were treated with 10% NaOH, without degrad-
ing cellulose. However, no significant difference in CrI was 
observed in the obtained CNCs employing either of the 
NaOH concentrations, 5% or 10%. Hence, 10% NaOH may 
be used in the pretreatment stage to obtain crystalline-rich 
cellulose; and 5% NaOH to obtain highly crystalline CNCs.

Figure 3; Table 2 show slight reduction of crystallinity 
in TS-CNCs-C2 and EF-CNCs-C2, compared to CrI of their 
cellulose precursors extracted with 10% NaOH. Such slight 
reduction in crystallinity may occur upon strong acid hydrol-
ysis of highly pure and crystalline cellulose, showing that 
the amorphous regions have already been degraded and the 
acid started to partially attack the crystalline portions. Simi-
lar findings were also reported elsewhere in CNCs isolated 
from different sources such as MCC [55, 56], and onion 
skin [61]. The CrI of all CNCs-1 increased when compared 
with the respective cellulose precursors extracted with 5% 
NaOH as depicted in Fig. 3; Table 2. As CNCs isolated from 
cellulose (C1) exhibited higher crystallinity and comparable 
yield, CNCs-C1 were considered for full characterization.

The CrI of EF-CNCs-C1 (85.88%) reported in this study 
was higher when compared to CrIs of CNCs isolated from 
other sources: pseudostems of banana plants (74–75%) [12, 
62], mandacaru (Cereus jamacaru DC.) spines (60.0–62.7%) 
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[18], oil palm fronds (Elaeis guineensis) (78.5%) [63], pas-
sion fruit (82.8%) peels waste (77.96%) [7], Nypa Fruticans 
trunk (76.6%), coconut husk fber (79.3%), and rice husk 
[64], pineapple crown waste (73%) [9], post-consumer wood 
fiberboard waste (61–71%) [31], pueraria root residue (60%) 
[25] and macrophyte Typha domingensis (74–80%) [65] fol-
lowing the Segal et al. approach. The CrI of SB-CNCs-C1 

(81.64%) in this study is much higher than reported else-
where 51% [66] and less than 86% [67] which may be attrib-
uted to variation in cellulose extraction conditions.

Parameters obtained from the (deconvoluted) XRD of 
CNCs-C1, CNCs-C2 and cellulose precursors are given in 
Table 2. The deconvoluted XRD patterns of the cellulose 
precursors and as-obtained CNCs-C1 from the lignocellu-
lose sources are shown in Fig. S3 (supplementary material). 
A direct relationship was observed among CrI, crystallite 
sizes at the 200 plane (τ200 values) and the proportion of 
crystallite interior chains for the 200 plane  (X200) unlike the 
fractional variation in the plane spacing for the 200 plane 
(Δd/d200) (Table 2). The X-values were used as estimates 
of the fraction of cellulose chains contained in the interior 
of the crystallites [68]. EF-CNCs-C1 exhibited the highest 
τ and X-values due to decreased chain mobility permitting 
a lower percentage of the chains to move into the perfect 
register of the crystals (Table 2) [48, 68] and contained the 
most ordered cellulose structure when compared to other 
CNCs. However, an inverse relationship between CrI and 

Fig. 1  Photographs of CNCs a lyophilized samples b dispersions in 
distilled water (0.5%) at the 10th day of storage at 4 °C (CNCs from 
TS, EF, SB, CH and CC from left to right). (Key: TS-teff straw; EF-

enset fiber; SB-sugarcane bagasse; CH-coffee hull; CNCs cellulose 
nanocrystals; CC commercial cellulose included for comparison)

Table 1  Yields of celluloses and CNCs from the byproducts (Key: 
TS-teff straw; EF-enset fiber; SB-sugarcane bagasse; CH-coffee hull); 
Data are presented as the mean ± SD (n = 3)

Plant 
byproducts

Yields (%)

Cellulose CNCs from cellulose CNCs from 
byproducts

TS 36.7 ± 0.55 50.0 ± 3.32 18.4
EF 60.0 ± 1.25 70.0 ± 1.49 42.0
SB 39.5 ± 1.08 64.0 ± 2.79 25.3
CH 35.5 ± 1.80 25.0 ± 2.11 8.9
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τ200 values was reported elsewhere for CNCs isolated from 
onion skin [61]. A greater value of the Δd/d200, a meas-
urement for the dispersion of the crystalline plane values, 
shows higher microstresses. EF-CNCs-C1 of this study had 
the lowest Δd/d200 (0.0633), but the highest was recorded 
for TS-CNCs-C2 (0.1007). It was also reported that smaller 
τ200 value is associated with a high Δd/d200 in its interplanar 
distance [49].

The τ values of the CNCs ranged from 4.438 nm for CH-
CNCs-C1 to 5.799 nm for EF-CNCs-C1, obtained from lig-
nocellulosic byproducts pretreated with 5% NaOH, and X 
values ranged from 0.552 for CH-CNCs-C1 to 0.645 for EF-
CNCs-C1. The CNCs-C1 had higher τ and X values when 
compared to their cellulose precursors as well as CNCs-C2 
except for SB-CNCs. The d-spacings of the isolated CNCs 
ranged from 0.541–0.600, 0.519–0.544, 0.389–0.395, and 
0.257–0.260 for the planes of 1–10, 110, 200, and 040, 
respectively as shown in Table 2. The d-spacing values indi-
cated that the CNCs isolated from cellulose (C1 and C2) in 
this study are all  Iβ-type cellulose [69–71] stating that the 
monoclinic structure is dominant in the CNCs, supported by 
the negative numbers of the Z-Values [72, 73].

Chemical Functionality Studies

FTIR spectra of the isolated CNCs-1, and the cellulose pre-
cursors (C1) are shown in Fig. 4. The broad band around 
3333 cm−1 corresponds to the stretching vibrations of the 
OH groups in the CNCs and cellulose molecules, indicat-
ing the hydrophilic tendency of the materials. The weak 
transmittance band around 2890 cm−1 is attributed to the 

Fig. 2  XRD patterns of a CNCs-C1, and b cellulose (C1) precursors. 
(Key: TS-teff straw; EF-enset fiber; SB-sugarcane bagasse; CH-coffee 
hull; CNCs-C1-Cellulose nanocrystals isolated from cellulose (C1) 
extracted following Condition 1; CC-CNCs-Nanocrystals isolated 
from CC (commercial cellulose) included for comparison)

Fig. 3  Comparison of Segal 
et al. (SA) and Hermans et al. 
(HA) approaches for estima-
tion of CrIs of the CNCs and 
cellulose precursors. (Key: 
CNCs-C1 and CNCs-C2-cellu-
lose nanocrystals isolated from 
C1 and C2, respectively. TS-teff 
straw; EF-enset fiber; SB-sugar-
cane bagasse; CH-coffee hull)
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asymmetric stretching vibration of the CH bond [12, 25]. 
The peak at ~ 1645 cm−1 in all the spectra corresponds to the 
OH bending of water absorbed into the CNCs and cellulose 
fiber structure [49].

A band around 1428 cm−1 indicates the alkane defor-
mations relating to CH and  CH2 bending. The peak around 
896 cm−1 is related to glycosidic  C1H deformation, a ring 
vibration, and OH bending where these characters infer 
the β-glycosidic linkages between anhydroglucose units. 
The transmittance peaks around 3333, 2890, 1428, 1323, 
896 cm−1 are associated with the characteristics of native 
Cellulose I as seen in all cellulose and CNCs spectra, show-
ing chemical similarity and, therefore, the acid hydrolysis 
did not affect the chemical structure of the cellulosic frag-
ments [74, 75]. The FTIR spectra of CNCs-C2, and their 
cellulose (C2) precursors are shown in the supplementary 
material (Fig. S4).

Dimensional and Morphological Analyses

Appearance of needle-shaped CNCs on TEM images 
shows the acid hydrolysis is effective in isolating the 
CNCs with a scale bar of 200 nm (Fig. 5). Relatively clear 
images were taken for the CNCs when phosphotungstic 

acid solution was used rather than uranyl acetate dur-
ing TEM imaging (images using uranyl acetate not 
shown). From the TEM analysis, the length and diameter 
of the CNCs isolated from the byproducts ranged from 
106.78–193.06 nm and 5.16–11.79 nm, respectively. Gen-
erally, the plant CNCs range from 100–250 nm in length 
and 5–70 nm in diameter.

In this study, the highest aspect ratio (36.68) is observed 
in SB-CNCs-C1 (Table 3), which is higher than the values 
reported by Lam et al. (20–25) and Mueller et al. (28). 
Elsewhere, the CNCs obtained from SB were short and 
needle-shaped in the range 200–300 nm in length and 
20–40 nm in diameter [76]. Reports indicate that CNCs 
with high aspect ratios (above 10) exhibit good mechanical 
properties (bending strength, tensile strength and Young’s 
modulus) [66].

Needle-shaped particles were observed at 30 min of 
hydrolysis time in the current study. It was reported an 
increase in the acid hydrolysis time more than 60 min 
resulted in a significant decrease in the average length and 
diameter of the CNC due to the destruction of amorphous 
regions and even partial crystalline regions of cellulose 
[15].

Table 2  Parameters obtained 
from the (deconvoluted) XRD 
of CNCs-C1, CNCs-C2 and 
cellulose precursors, as well as 
CC-CNCs

Key: C1 and C2-Cellulose extracted with Conditions A and B, respectively; CNCs-C1 and CNCs-C2- 
cellulose nanocrystals isolated from C1 and C2, respectively; TS-teff straw; EF-enset fiber; SB-sugar-
cane bagasse; CH-coffee hull; CC-Commercial cellulose included for comparison; CC-CNCs‐cellulose 
nanocrystals isolated from commercial cellulose included for comparison; d-the interplanar spacing of the 
crystal; τ200‐average thickness of cellulose crystallites;  X200‐the proportion of crystallite interior chains for 
the 200 plane; Δd/d200‐the fractional variation in the plane spacing for the 200 plane; CrI (SA)-crystallinity 
index following Segal et al. approach

Materials d-spacings (nm) τ200 (nm) X200 Δd/d200 CrI (SA) (%) Z-Values

1–10 110 200 040

TS-CNCs-C1 0.589 0.523 0.389 0.258 5.233 0.612 0.0699 84.84 − 23.69
TS-C1 0.577 0.557 0.394 0.257 2.922 0.372 0.1268 73.90 − 74.22
TS-CNCs-C2 0.593 0.544 0.395 0.259 3.682 0.477 0.1007 76.61 − 36.57
TS-C2 0.608 0.562 0.395 0.262 3.689 0.477 0.1006 78.00 − 27.64
EF-CNCs-C1 0.590 0.528 0.390 0.260 5.799 0.645 0.0633 85.88 − 26.53
EF-C1 0.580 0.559 0.392 0.270 3.973 0.509 0.0928 77.78 − 50.54
EF-CNCs-C2 0.600 0.540 0.394 0.260 5.502 0.630 0.0674 83.41 − 21.08
EF-C2 0.587 0.544 0.394 0.260 5.515 0.629 0.0668 85.56 − 45.84
SB-CNCs-C1 0.578 0.519 0.390 0.258 5.320 0.617 0.0690 81.64 − 38.84
SB-C1 0.559 0.558 0.396 0.260 3.600 0.467 0.1035 72.90 − 105.00
SB-CNCs-C2 0.589 0.528 0.394 0.260 5.366 0.620 0.0690 82.60 − 27.94
SB-C2 0.582 0.542 0.395 0.259 3.939 0.505 0.0944 80.92 − 52.41
CH-CNCs-C1 0.590 0.524 0.391 0.257 4.438 0.552 0.0827 77.20 − 21.92
CH-C1 0.606 0.560 0.397 0.259 3.618 0.469 0.1031 74.87 − 49.29
CH-CNCs-C2 0.591 0.526 0.393 0.260 5.042 0.599 0.0732 80.86 − 22.78
CH-C2 0.609 0.554 0.394 0.261 3.946 0.506 0.0938 77.59 − 16.75
CC-CNCs 0.604 0.541 0.394 0.260 4.415 0.550 0.1287 74.91 − 14.18
CC 0.608 0.554 0.395 0.260 6.480 0.679 0.0573 87.23 − 19.85
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Particle Size and Zeta Potential (ZP) of CNCs

The DLS results also revealed that the isolated CNCs were 
in nanoscale range, and their hydrodynamic size ranged 
from 96.96 nm of CH-CNCs-C1 to 157.2 nm of EF-CNCs-
C1 with the polydispersity index (PDI) ranging from 0.209 
to 0.524 (Table 4). Elsewhere, the hydrodynamic size of 
CNCs from SB ranged from 18.17 to 220 nm, with most 
particles accumulated beyond 37.84 nm [77] and from 115 
to 130 nm [78]. The ZP values of the CNCs suspensions 
ranged from − 28.8 to − 38.6 mV in neutral water (Table 4), 
and resulted in stable colloidal suspensions as the absolute 
values obtained are higher than − 15 mV which is the mini-
mum value to represent the onset of agglomeration [79, 80]. 
The negatively charged surfaces on CNCs were due to the 
insertion of sulfate during sulfuric acid hydrolysis [26, 63].

CNCs at the ZP values near or lower than − 20 mV at low 
concentrations remain stable [81]. The ZP absolute value of 
SB-CNCs-C1 (− 38.6 mV) was slightly higher than the ZP 

of CNCs isolated from SB in other studies: − 32.3 mV [66] 
and − 18.3 to − 20.97 mV [78]. The ZP absolute values 
greater than 30 are regarded as highly stable, indicating all 
the CNCs except TS-CNCs are colloidally very stable, and 
TS-CNCs with ZP value of − 28.8 mV are considered to be 
moderately stable (Table 4) [26]. It was reported elsewhere 
that the ZP absolute value increased significantly from − 8.7 
to − 95.3 mV when the acid hydrolysis time increased from 
20 to 120 min [50].

Thermal Properties of the CNCs

The thermal properties of the CNCs-1, and cellulose pre-
cursors (C1) from each byproduct were investigated with 
TGA/Differential thermogravimetry (DTG). The isolated 
CNCs presents three main weight loss regions, as shown 
in Fig. 6a, b, and the supplementary material (Fig. S5 and 
Table S1). The initial small (3.8–5.7%) weight loss in the 
region 30–110 °C (with maximum weight loss temperature 
from 60 to 64 °C) is mainly due to moisture evaporation; 
water adsorbed to the isolated CNCs [15, 25, 82, 83].

All CNCs displayed a two-step decomposition process, 
along with the appearance of small shoulders around 160 °C 
in DTG (evident in TS-CNCS, EF-CNCs and CC-CNCs). A 
weight loss of 29–38% was observed in the first step decom-
position temperature of the CNCs  (Tmax 215–225 °C) and 
this is due to the degradation of both surface sulfate groups 
and CNCs. Other studies have shown the lower thermal sta-
bility of CNCs is due to its large specific surface area and 
the sulfated group of the CNCs [15, 82, 84].

The second decomposition step exhibited at  Tmax rang-
ing from ~ 340 to 355 °C (the major cellulose degradation 
temperature), due to breakdown of the interior non-sulfated 
cellulose crystals and a few studies in the literature also 
reported similar behavior for CNCs isolated from plant mate-
rials such as SB [84], Tetra pak Cellulose I [82], corncob 
[83] and pineapple crown waste [9]. The weight loss ranged 
from 18.5 to 25.4%, which is slightly lower than the former 
phase of decomposition. All the isolated CNCs exhibited 
lower maximum weight loss rates (0.1760 to 0.2050%/°C) 
in the sulfated cellulose groups than cellulose precursors. 
The charred residues at 550 °C of all CNCs showed higher 
values than cellulose counterparts because of a dehydration 
effect of the sulfate group as flame retardants [61, 82, 83].

The thermal degradation properties of as-extracted cel-
lulose fibers are depicted in Fig. 6c, d, and Table S1. A 
maximum weight loss of the cellulose fibers (50–70%) 
was observed at the maximum degradation temperatures 
ranging from 330 to 360 °C. This might be due to sev-
eral degradation factors such as depolymerization, dehy-
dration and decomposition of the glycosidic units of the 
cellulose chains as reported elsewhere [85]. The higher 
thermal stability of the as-extracted cellulose fibers 

Fig. 4  FTIR spectra of a CNCs-C1, and b cellulose (C1) precursors. 
(Key: CNCs-C1-cellulose nanocrystals isolated from C1; C1-Cellu-
lose extracted using extraction Condition 1; TS-teff straw; EF-enset 
fiber; SB-sugarcane bagasse; CH-coffee hull; CC-CNCs-cellulose 
nanocrystals isolated from commercial cellulose (CC) included for 
comparison)



2973Journal of Polymers and the Environment (2021) 29:2964–2977 

1 3

from the raw materials is related to their high crystallin-
ity. The maximum weight loss rate of the cellulose fib-
ers ranged from 0.5795%/°C for CH-C1 (at 329.73 °C) 
to 1.6756%/°C for EF-C1 (at 340.30 °C). The TGA/DTG 

curves of as-extracted cellulose fibers showed the removal 
of hemicelluloses and lignin by the chlorine-free extrac-
tion conditions confirming successful cellulose extraction 
process [86].

Fig. 5  Transmission electron 
micrographs of CNCs-1 (TS-
CNCs-C1, EF-CNCs-C1, SB-
CNCs-C1, CH-CNCs-C1), and 
CC-CNCs) (Bar scale: 200 nm). 
(Key: CNCs-C1-cellulose 
nanocrystals isolated from C1; 
C1-Cellulose extracted using 
extraction Condition 1; TS-teff 
straw; EF-enset fiber; SB-sug-
arcane bagasse; CH-coffee hull; 
CC-CNCs-cellulose nanocrys-
tals isolated from commercial 
cellulose (CC) included for 
comparison)
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Table 3  TEM dimensional 
analysis of CNCs isolated from 
cellulose (C1) extracted from 
various raw materials

(Key: CNCs-C1-cellulose nanocrystals isolated from C1; C1-Cellulose extracted using extraction Con-
dition 1; TS-teff straw; EF-enset fiber; SB-sugarcane bagasse; CH-coffee hull; CC-CNCs-cellulose 
nanocrystals isolated from commercial cellulose (CC) included for comparison,  Laverage-average length; 
 Daverage-average diameter of CNCs estimated using ImageJ Software)

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

TS-CNCs-C1 76.96–300.08; 193.06 ± 52.41 2.25–10.88; 6.7 ± 2.08 28.82
EF-CNCs-C1 88.67–242.35; 154.28 ± 36.712 3.22–16.14; 8.889 ± 3.043 17.32
SB-CNCs-C1 110.68–301.66; 189.29 ± 49.928 2.20–8.97; 5.16 ± 1.91 36.68
CH-CNCs-C1 116.51–232.41; 188.07 ± 25.86 3.65–13.97; 7.268 ± 3.25 25.88
CC-CNCs 50.871–147.211; 106.78 ± 21.211 4.17–11.31; 6.141 ± 1.567 17.39

Table 4  Hydrodynamic size 
using DLS and Zeta Potential 
(ZP) values

(Key: CNCs-C1-cellulose nanocrystals isolated from C1; C1-Cellulose extracted using extraction Condi-
tion 1; TS-teff straw; EF-enset fiber; SB-sugarcane bagasse; CH-coffee hull; CC-commercial cellulose; CC-
CNCs-cellulose nanocrystals isolated from commercial cellulose included for comparison)

SN Source (CNCs) Hydrodynamic size (nm); PDI (DLS) ZP (mV)

1. TS-CNCs-C1 137.0; 0.209 − 28.8
2. EF-CNCs-C1 157.2; 0.524 − 29.9
3. SB-CNCs-C1 106.8; 0.285 − 38.6
4. CH-CNCs-C1 96.96; 0.261 − 33.5
5. CC-CNCs 184.9; 0.426 − 37.8

Fig. 6  Thermal degradation behaviors: a TGA and b DTG of CNCs 
(upper two), and c TGA and d DTG of cellulose (C1) precursors 
(lower two) extracted with Condition 1, and CC. (Key: CNCs-C1-cel-
lulose nanocrystals isolated from C1; C1-Cellulose extracted using 

extraction Condition 1; TS-teff straw; EF-enset fiber; SB-sugarcane 
bagasse; CH-coffee hull; CC-CNCs-cellulose nanocrystals isolated 
from commercial cellulose (CC) included for comparison)
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Conclusion

Highly crystalline CNCs were obtained from the four abun-
dant byproducts: TS, EF, SB and CH with chlorine-free cel-
lulose extraction and sulfuric acid hydrolysis. The highest 
yield, CrI and crystal size were exhibited in EF-CNCs, and 
the least in CH-CNCs. No polymorphic transition occurred 
during cellulose extraction and acid hydrolysis. A direct 
relationship was observed among CrIs, crystallite sizes (τ200) 
and the proportion of crystallite interior chains  (X200) in 
the as-obtained CNCs. A two-step decomposition process 
of CNCs was observed and this was due to degradation of 
surface sulfate groups and large specific surface area, and 
breakdown of the interior non-sulfated cellulose crystals. 
Based on the findings (high yield, CrI and aspect ratio), the 
four lignocellulosic materials can be used as alternative 
sources of CNCs.

Supplementary Information The online version contains supplemen-
tary material available at https ://doi.org/10.1007/s1092 4-021-02089 -3.
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