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Abstract  Cellulose nanocrystals (SCNCs) were synthesized from macerated fibers isolated from leaflets of date 
palm (Phoenix dactylifera L.). The resultant SCNCs were characterized by optical, scanning and transmission 
electron microscopy, X-ray diffraction (XRD), Fourier transform infrared (FTIR) and thermogravimetric analysis 
(TGA). H2SO4-hydrolysis helped isolation of SCNCs with high crystallinity by removing the amorphous regions of 
the cellulosic microfibril. The SCNCs in an acidic solution were aggregated to form bigger architectures. The 
SCNCs exhibited a principle sharp peak around 2θ = 21.25° related to the cellulose-I structure. The crystallinity 
index of the SCNCs was found to be high (85.5%). The average crystallite size of the SCNCs was 2.7 nm. The FTIR 
results confirmed high purity of the SCNCs conforming to cellulose I. The TGA showed that about 59.13% of the 
SCNCs mass was lost up to 500°C. Based on the results, the leaflets are suitable precursor for SCNCs synthesis. 
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1. Introduction 

Cellulose is the most abundant biomass material in 
nature. It can be extracted from natural fibers in different 
amounts and crystalline properties. The hierarchical and 
multi-level organization of cellulose allows different kinds 
of nanoscaled cellulosic fillers [1]. Cellulose also occurs 
in an amorphous state that is randomly oriented in a 
spaghetti-like arrangement leading to a lower density 
compared to nanocrystalline regions [2,3]. On the other 
hand, the amorphous regions are susceptible to strong acid 
attack and, under controlled conditions; they may be 
removed leaving crystalline regions intact [4].  

The equatorial positions of the glucopyranose residues 
stabilize the structure of cellulose, increasing its rigidity 
and resulting in extensive intra and intermolecular 
hydrogen bonding that also causes insolubility in water [5]. 
Removing water from CNF suspensions to maintain nano-
scale dimensions of the nanofibrils is a delicate process. 
[6]. Hydrogen bonds and Van der Waals forces are 
expected to hold the fibrils together after the removal of 
water [7,8]. There are four methods can be performed to 
dry the CNCs, namely freeze drying, spray-drying, oven 
drying and supercritical drying [9].  

Many researchers have succeeded to isolate SCNC’s by 
using H2SO4, HCl, and HBr. With a sulfuric acid 
concentration of 63.5% (w/w), it was possible to obtain 
CNCs/whiskers with a length between 200 and 400 nm 
and a width less than 10 nm in approximately 2 h with a 
yield of 30% of initial weight [10]. Beck-Candanedo et al. 
[11] explained that too long reaction times completely 

digest the cellulose to yield its component sugar 
molecules, while lower reaction times will only yield large 
undispersable fibers and aggregates. The effect of the 
reaction conditions on CNCs surface charge and sulfur 
content was not significant and was controlled by factors 
other than hydrolysis conditions. It was found that sulfuric 
acid provides more stable aqueous suspensions of 
cellulosic nanocrystals (CNCs) than hydrochloric acid 
[12]. This is due to HCl produces CNCs with minimum 
surface charge, while H2SO4 presents a negatively charged 
surface [4], due to the esterification of surface hydroxyl 
groups to give charged sulfate groups [11].  

Geometrical characteristics such as size, dimensions 
and shape of CNCs depend on the nature of the cellulose 
source as well as the hydrolysis conditions such as time, 
temperature, ultrasound treatment, and purity of materials 
[4,11,13]. Above a critical concentration, the rod-like 
shape of the charged CNCs leads to the formation of an 
anisotropic liquid crystalline phase [11,14]. Nevertheless, 
typical dimensions of whiskers range from 5 to 10 nm in 
diameter and from 100 to 500 nm in length. Specific 
values are provided later.  

2. Materials and Methods 

The study was performed during 2015-2016 in the 
Central Laboratory at the Agricultural Research Station 
(ARS), Hada Al-Sham, King Abdul-Aziz University, 
about 120 km Northeastern of Jeddah.  
Raw Material 

Leaflets of date palm (Phoenix dactylifera L., Sweeda 
genotype) were chosen for cellulosic fibers production 
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(Figure 1a-c) and subsequent SCNCs synthesis. Four 
healthy trees were selected from those grown at the ARS 
in a sandy loam soil. The ages of the selected trees were 
about 20 years old. Four selected fronds were selected 
according to the four cardinal directions from each tree. 
After discarding the rachis, the collected leaflets were 
longitudinally cross cut into chips (about 2 cm long) using 
a knife press, chopped, air dried (Figure 1d) and 
macerated for cellulosic fiber production. 

Maceration of cellulosic fibers 
Fifty grams of leaflets chips from each frond were digested 

separately by using Franklin method (Figure 1e). The digestion 
solution is composed of both hydrogen peroxide (35%) and 
glacial acetic acid in a ratio of 1: 1 and kept, with a 
compressed cotton stopper, in an oven at 60°C for 48 h or until 
getting separated fibers with the white aspect [15]. The 
macerated fibers were removed, disintegrated, washed, air-dried 
(Figure 1f), characterized and used for SCNC’s synthesis. 

 
Figure 1. The raw material for production of cellulosic fibers and subsequent cellulose nanocrystals (CNCs) synthesis: a) A date palm tree, b) An air-
dried frond, c) Isolation of leaflets, d) Chopped air-dried leaflets, e) Maceration process by Franklin method, f) The oven-dried macerated cellulosic 
fibers 

 
Figure 2. Synthesis of cellulose nanocrystals (CNCs) from macerated fiber of of Phoenix dactylifera leaflet: a) Hydrolysis process, b) Sonication 
process, and c) The centrifuge device used for the CNCs isolation 

Synthesis of SCNCs 
Due to the unique properties for sulphated CNCs, they 

were synthesized using H2SO4-hydrolysis (Figure 2a and 
Figure 7a). Cellulose nanocrystals (CNCs) suspension was 
prepared from the macerated fibers by sulphuric acid 
hydrolysis following the recipe used by Cranston and 
Gray [16] with some modifications and applied by Frone 
et al. [17]. Hydrolysis was carried out with 64 % w/w 
sulphuric acid to dissolve the amorphous regions of 

cellulosic microfibrils producing a CNC-crystallite grafted 
by sulphated groups (Figure 7a). The hydrolysis process 
was done at 70°C for 30 min with vigorous stirring. This 
reaction time was selected to guarantee the reaction 
efficiency and avoid the crystal degradation. Immediately 
following the acid hydrolysis, the suspension was diluted 
20 fold with deionized water to quench the reaction. The 
suspension was centrifuged by centrifugal separation 
apparatus type H-600S (Kokusan Enshinki Co. Ltd, Japan) 
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at 1500 by (Figure 2b) to remove unhydrolyzed fibers 
precipitate and then at 14000 rpm for 20 min to 
concentrate the cellulose crystals and to remove the excess 
of aqueous acid. The resultant precipitate was rinsed,  
re-centrifuged, and dialyzed against deionized water for 5 
days until constant neutral pH was achieved. The 
suspension was sonicated repeatedly by Vibracell 75043, 
750W, Bioblock Scientific (Figure 2c) at 30 % output 
(while cooling in an ice bath) to create cellulose crystals 
of colloidal dimensions. 
Characterization of Cellulose Nanocrystals 

The properties studied for the SCNCs were crystallinity 
index (CI) and crystallite size (CS) by XRD, functional 
groups by Fourier transform infrared (FTIR), mass loss by 
thermogravimetric analysis (TGA). 
Sample Preparation for the Different Properties 
Determinations 

Since SCNCs samples assigned for XRD, FTIR and 
TGA must be a fine powder, they were ground in a ball 
mill to passes through a 100 mesh and be retained on a 
120 mesh. On the other hand, for the SCNCs samples 
specified for SEM and TEM spectroscopic studies, a thin 
film of the SCNCs solution was required for each 
characterization. This solution was prepared from SCNCs 
powder completely dissolved in an absolute ethanol by 
assistance of sonication for SEM and TEM.  
The Optical Vision System  

The optical speculation unit used is consisted of a light 
microscope (CE- MC200A) in a magnification power of 
10X with suitable vision system (OPTIKA PRO 5 Digital 
Camera- 4083.12) using a Vision PRO 4 software to pick 
up and processing images as well as to record different 
measurements of the cells dimensions in a micrometer 
scale. In addition, the software was also used to show the 
light intensity of the images (Figure 100). 
Scanning Electron Microscopy (SEM) 

SEM study was used to study the surface morphology 
and types of anatomical features in the tangential plane 
samples of leaflet tissue as well as the SCNCs. The samples 
were placed on the double side carbon tape on Al-stub and 
dried in air. Before examination, all samples were sputtered 
with a 15 nm thick gold layer (JEOL JFC- 1600 Auto Fine 
Coater) in a vacuum chamber [18,19]. The specimens 
were examined with a SEM Quanta FEG 450, FEI, 
Amsterdam, Netherland. The microscope was operated at 
an accelerating voltage ranged from 5-20 kV. 
Transmission Electron Microscopy (TEM) 

This characterization was done only for the resulted 
SCNCs to speculate their building block and intermediate 
organelles formed during the crystal growth. The SCNCs 
were examined by TEM (JEM-1011 JEOL, Japan). The 
suspension was sampled by using a capillary pipet and 
dropped onto the copper grid. After being dried for 3 min 
at ambient condition, filter paper was used to remove the 
excess liquid on the copper grid. Afterwards, the dye 
liquor of phosphotungstic acid was dropped and dyed for 
2 min. The dried sample was prepared for observed. The 
operated voltage was at 100 kV. 
The X-Ray Diffraction (XRD) 

The X-ray powder diffraction spectra of the fibers were 
used to study the crystallinity of the using the XRD-D2 
Phaser Bruker (USA). The generator was operated at 30 
KV and 30 mA. The samples were exposed for a period of 

3000s using CuKa radiation with a wavelength of 0.15418 
nm. The sample crystallinity is defined as the ratio of the 
amount of crystalline cellulose to the total amount of 
sample material including crystalline and amorphous parts. 
All the experiments were performed in the reflection mode 
at a scan speed of 4° /min in steps of 0.05°. All samples 
were scanned in a 2θ=26° range varying from 4° to 30°. 
The Crystallinity Index 

Individual crystalline peaks were first extracted by a 
curve-fitting process from the diffraction intensity profiles 
[20,21,22]. The CI was calculated by dividing the 
diffractogram area of crystalline cellulose by the total area 
of the original diffractogram. The area under the curve 
was estimated by summing of adjacent trapezoids using 
Excel (Microsoft, USA) as indicated by Hindi [23]. 
The Crystallite Size 

The crystallite size t (nm) of cellulose I structure was 
calculated by Scherrer equation with respect to the 
crystallographic plane, namely 002 as follow: Crystallite 
size (t)=Kλ/β1/2Cos θ, where K is the correction factor and 
usually taken to be 0.91, λ is the radiation wavelength, θ is 
the diffraction angle, and β1/2 is the corrected angular full 
width at half maximum (FWHM) in radians [23]. 
Fourier Transform Infrared (FTIR) Spectroscopy 

The FTIR was used to investigate chemical structure of 
the SCNCs samples using a Bruker Tensor 37 FTIR 
spectrophotometer. The samples were oven-dried at 100°C 
for 4-5 h, mixed with KBr in a ratio of 1:200 (w/w) and 
pressed under vacuum to form pellets. The FTIR-spectra 
of the samples were recorded in the transmittance mode in 
the range of 4000-500 cm-1. 
Thermal Analysis 

Thermogravimetric analysis (TGA) of the SCNCs were 
performed by using a Linseis STA PT1000 analyzer. 
Heating scans were performed from 30 up to 550 °C at 
20°C/min in a nitrogen atmosphere for the CNCs [24,25]. 
Statistical Design and Analysis 

Completely randomized design with four replications 
was applied in this study using the analysis of variance 
procedure and least significant difference test (LSD) at 
P≤0.05 according to El-Nakhlawy [25]. 
Objectives 

The aim of this work is to: 
• Study the suitability of date palm leaflets for 

sulphated cellulose nanocrystals (SCNCs) synthesis  
• Provide some insights into aggregation of the 

SCNCs after hydrolysis. 

3. Results and Discussion 

Anatomical features of the crude date palm leaflet 
It can be seen from Figure 3 two types of prosenchyma 

cells in the leaflet tissue, namely fiber cell and vessel cell. 
The vessel has a thicker wall, a wider lumens and larger 
volume compared to those for fiber cells. Both 
prosenchyma elements were found to occupy most of the 
transverse section area. The dominance of the 
prosenchyma cells can’t be used as an indicator for the 
leaflet tissue to be a cellulosic resource. This due to the 
multi-layered cellulose microfibrils are not a pure matrix 
but are embedded in hemicelluloses and lignin matrices 
[27]. The holocelluloses content of leaflets’ date palm was 
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found to be low (16.32%), while its lignin, ash and total 
extractives contents were found to be 36.44,10.8 and 
37.06%, respectively [15]. For this reason, the leaflets 
must be macerated to isolate them and enhance their 

cellulosic content. In addition, it is preferable for the crude 
leaflets to be extracted by organic solvents before 
maceration to eliminate the organic chemicals that 
interfere with the maceration reagents used [15]. 

 
Figure 3. SEM micrograph of two types of prosenchyma cells (Vessel and fiber) in a cross section of crude tissue of Phoenix dactylifera leaflet 

 
Figure 4. Some anatomical features of crude tissue of Phoenix dactylifera leaflet: a) Stomata, b) Prosenchyma cell (Fiber), c) Parenchyma cell, d) Semi-
border pits, and e) border pits 

 
Figure 5. The scalariform-pitting between vessels in a crude tissue of Phoenix dactylifera leaflet 
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Other anatomical features of crude tissue of Phoenix 
dactylifera leaflet, namely stomata, fiber cells parenchyma 
cell semi-border and border pits are found and presented 
in Figure 4. Furthermore, the scalariform-pitting used for 
fluid transition between vessels transversely is clearly 
shown in Figure 5. 

The macerated cellulosic fibers presented in Figure 6 were 
measured to be 0.733 mm in length that is lower than that 
for other date palm genotype (1.31 mm) found by Hindi et 
al. [15], while their average width was about 145.36 µm. 
These values are comparable to those for hardwood species. 

Sulphuric acid hydrolysis helped the isolation of CNCs 
with high crystallinity index by removing the amorphous 
regions of the parent microfibrils (Figure 7a). The principle 
of the disruption of the amorphous regions of cellulose in 
order to produce CNCs was described by De Souza Lima 

and Borsali [3]. The hydronium ions can penetrate the 
cellulosic microfibrils through these amorphous domains 
promoting the hydrolytic cleavage of the glycosidic bonds 
releasing individual crystallites [3]. Due to the oxidative 
action of sulphuric acid along with temperature effect 
upon hydrolysis, the crystalline domains are exploded into 
active-charged nano-scaled particles termed as sulphated 
cellulose nanocrystals (SCNCs). The surfaces of the 
SCNCs were grafted by sulphated groups (Figure 7a). The 
SCNCs were arranged in a single colony (Figure 7ba) 
and/or multiple colonies (Figure 7bb & 7bc). It can be 
observed from Figure 7ba, Figure 7bb, Figure 7bc that the 
average spherulite diameter was about 5.8 nm which 
corresponds to the mean diameter of the cellulosic 
microfibril width. This means that H2SO4 cross cut the 
microfibrils along with their longitudinal axe. 

 
Figure 6. An optical image of macerated fibers of Phoenix dactylifera leaflet 

 
Figure 7. Synthesis of cellulose nanocrystals (SCNCs)” a) A schematic representative of the sulphuric acid-hydrolysis of a part of a cellulosic 
microfibril, and b) TEM micrographs of active CNCs-spherulites once liberated from their parent microfibrils 
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Figure 8. SEM micrograph of SCNCs spherulites: a) converging, and b) aggregating in bigger architectures 

 
Figure 9. TEM micrographs of SCNCs spherulites aggregated in bigger architectures 

 
Figure 10. Light intensity of image analysis of the CNC’s intermediate construction during crystal growth 

Aggregations of crystalline cellulose in micrometric 
scale are clearly presented in Figure 8a. These particles 
were more converged and constructed intermediate of 
final architectures (Figure 8b). These constructions are 
internally bonded by hydrogen bonds and/or Van der 
Waals [8,28]. 

The practical experience in spectroscopy speculation of 
the SCNCs-supernants upon and after acidic hydrolysis 
revealed that the recently prepared SCNCs spherulites 
tend to be glowed in the acidic media (active state). Under 
the dominant circumstances, they were agglomerated and 
welded together to form bigger crystalline architectures. 
After that activity state, the glowing appearance was 
disappeared in a temporary or permanent state (mature 
state) with a dark or opaque aspect. These notes can be 
extracted from Figure 9a and Figure 9b. 

It can be seen from Figure 10 that the SCNCs were 
agglomerated into eight micrometric scale-particles 
(numbered from 1-8) that were aligned as ready to be 
welded together (Figure 10a). It is clear that these particles 
are aglow and brighter than the already welded parts of the 
SCNCs rods. The brightness of these active sites was 
confirmed by applying the light intensity analysis. The 
first four parts (1-4) exhibited four peaks of light intensity 
(Figure 10b). In addition, the particles no. 5-7 shown in 
Figure 10c also exhibited three corresponding peaks of the 
light intensity. Finally, it is clear from Figure 10d that the 
eighth part of the SCNCs is very bright and shows a clear 
peak of the light intensity. 

For the air- or oven-dried SCNCs, single-, di-, or multi-
spherical agglomerates were arisen with different particle 
sizes (Figure 11). 
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Figure 11. TEM micrograph of oven dried SCNCs: single, di- and multi-
spherulites 

X-Ray Diffraction (XRD) 

The SCNCs samples exhibited a principle sharp peak 
around 2θ = 21.25° related to hemicelluloses and alpha-
cellulose (Figure 12). This is supposed to represent the 
typical cellulose-I structure. 

The SCNCs sample exhibited a peak around 2θ =21.25° 
and 24° which are supposed to represent the typical cellulose-I 
structure. The cellulose crystals exhibit characteristic 
assignments of 110, 200, and 004 planes, respectively 
[29,30,31]. The crystallinity index of the SCNCs was 
found to be 85.5% in which remaining amorphous part 
was removed during acid-hydrolysis. 

The crystallite size (CS) as shown in Figure 13 is the 
crystallite thickness determined by the Scherrer equation 
when the crystals are smaller than 100 nm [32]. The 
average crystallite size of the SCNCs was found to be 2.7 
nm approaching to that for cellulose I (around 5 nm in 
width). However, the resolution of the XRD pattern is not 
adequate for small crystallites to give exact information 
about their crystal lattice [20]. 

 
Figure 12. X-ray Diffractogram (XRD) of sulphated cellulose nanocrystals (SCNCs) 

 
Figure 13. Schematic diagram of Bragg’s reflection from lattice planes in the SCNCs 
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Fourier Transform Infra-red (FTIR) Spectroscopy 
Changes in chemical functionality after H2SO4-hydrolysis 

of the leaflets of date palm were obtained by FTIR 
spectroscopy as shown in Figure 14. The spectra of the 
resultant SCNCs show absorption bands of chemical 
groups characteristic of the crystalline product. All 
samples presented two main absorbance regions in the 
range of about 800–1800 cm−1 to 2800–3500 cm−1. The 
FTIR spectra of all samples have shown sharp bands 
around the following wavenumbers: 

• 1108.46 Cm-1 due to C–C ring stretching band 
(∼1155 cm−1) and C–O–C glycosidic ether band 
(1105 cm−1) [25,33,34,35]. 

• 1467.21 Cm-1 due to scissoring motion of the CH2-
group in the SCNCs [25,33,34,34,35,36]. 

• 1635.13 Cm-1 due to O-H bending of the absorbed 
water [25,37,38,39,40,41]. 

• 1737.31 Cm-1 due to C-O stretching vibration for 
the acetyl and ester linkages [25]. 

• 2852.45-2921.49 Cm-1 due to C-H stretching 
[25,37,40]. 

• 3438.08 Cm-1 due to O-H stretching (axial vibration) 
intramolecular hydrogen bonds for cellulose I 
[14,42]. 

Based on the spectral data, it can be confirmed that 
SCNCs are composed of crystalline cellulose I while 
content of amorphous cellulose is negligible. 
Thermogravimetric analysis (TGA) 

The study of thermal properties (TGA) of a material is a 
dynamic phenomenological approach to investigate the 

response of sample weight to the changes in temperature. 
The TGA curves (Figure 15) show changes in SCNCs-weight 
during heating. The initial mass loss was started at 41.7% 
and about 5.88% of mass was lost up to 100°C due to high 
solvation capacity with water molecule showing evaporation 
of loose surface bound moisture [25] termed as free  
water. Furthermore, about 18.89% of mass was lost upon  
heating up to 150°C due to hygroscopic water known as 
intermolecularly H-bonded water that was evaporated  
at near about 120°C. The thermal degradation of the 
SCNCs was continued to decrease afterward up to 250°C, 
showing a 47.09% mass loss. In addition, about 59.13% of 
the mass was lost up to maximum final temperature of 
500°C. 

Thermal degradation of SCNCs occurred at a lower 
temperature within a broad range of temperature showing 
lower thermal stability due to their nanometric sizes, 
greater number of free ends in the SCNCs chains, and may 
show drastic reduction in the molecular weight and 
degradation of highly sulfated amorphous regions [33]. 
This thermal degradation may be corresponded to the 
degradation of highly sulfated amorphous regions while 
those degradation occurred at higher temperatures 
correspond to degradation of unsulfated part of the 
material [43]. Remnant sulfate groups are responsible for 
the reduced thermal-stability of the nanocrystals [43] due 
to the elimination of H2SO4 in sulfated anhydro-glucose 
units require less energy [44], therefore, sulfuric acid 
molecules were released at much lower temperatures 
during the degradation process. 

 
Figure 14. Fourier Transform Infrared (FTIR) Spectroscopy spectra of the cellulose nanocrystals 

 
Figure 15. Thermogravimetric analysis (TGA) of the cellulose nanocrystals (CNCs) 
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4. Conclusion 

• Acid hydrolysis helped the isolation of cellulose 
nanocrystals by removing the amorphous regions of 
the parent microfibrils.  

• The cellulose nanocrystals in the acidic solution 
were aggregated into different crystalline architectures.  

• The cellulose nanocrystals samples exhibited a 
principle sharp peak around 2θ = 21.25o related to 
hemicelluloses and alpha-cellulose supposing to 
represent the typical cellulose-I structure.  

• The crystallinity index of the cellulose nanocrystals 
was found to be 85.5% in which remaining 
amorphous part was removed during acid-hydrolysis.  

• The average crystallite size of the cellulose 
nanocrystals was 2.7 nm. 

• Fourier Transform Infrared spectra of the cellulose 
nanocrystals confirmed the cellulose nanocrystals 
are composed of crystalline cellulose I while content 
of amorphous cellulose is negligible. 

• The mass loss of the cellulose nanocrystals was 
started at 41.7 and about 5.88% of mass was lost up 
to 100°C due to high solvation capacity with water 
molecule showing evaporation of free water  

• About 59.13% of the cellulose nanocrystals mass 
was lost up to maximum final temperature of 500°C. 

• Thermal degradation of the cellulose nanocrystals 
occurred at a lower temperature within a broad 
range of temperature showing lower thermal stability.  

• Remnant sulfate groups are responsible for the 
reduced thermal-stability of the cellulose 
nanocrystals due to the elimination of H2SO4 in 
sulfated anhydro-glucose units requires less energy, 
therefore, sulfuric acid molecules were released at 
much lower temperatures during the degradation 
process. 

• Based on the results, the leaflets are suitable 
precursor for SCNCs synthesis. 
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