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Abstract This study aims to extract and characterize cellulose nanocrystals (CNCs) from date pits

(DP), an agricultural solid waste. Two methods were used and optimized for the cellulose nanocrys-

tals (CNCs) extraction, namely the mechanical stirrer method (CNCs1) and the Soxhlet apparatus

method (CNCs2) in terms of chemical used, cost, and energy consumption. The results showed that

scanning electron microscopy revealed the difference in the morphology as they exhibit rough sur-

faces with irregular morphologies due to the strong chemical treatments during the delignification

and bleaching process. Moreover, transmission electron microscopy analysis for CNCs reveals the

true modification that was made through sulfuric acid hydrolysis as it presents cellulose microfibrils

with a packed structure. Fourier transform infrared proved that the CNCs were successfully

extracted using the two methods since most of the lignin and hemicellulose components were

removed. The crystallinity index of CNCs1 and CNCs2 was 69.99%, and 67.79%, respectively,

and both presented a high yield of CNCs (�10%). Ultimately, both techniques were successful

at extracting CNCs. Based on their cost-effectiveness and time consumption, it was concluded that

method 1 was less expensive than method 2 based on the breakdown of the cost of each step for

CNCs production.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Over the years, the usage of crystalline cellulose in material

production has spiked an interest in research fields. Such
organic biopolymers can be used as a strengthening material
with other polymers because of their unique characteristics like
their high thermal and mechanical stability, biodegradability

nature, and low toxicity towards the environment
(Dharmalingam et al., 2019; Medina et al., 2019; Ferreira
et al., 2018; Khalil et al., 2018). Different kinds of cellulose

particles can be extracted from cellulose materials, such as cel-
lulose nanocrystals (Khan et al., 2020; Kian et al., 2019; Wang
et al., 2019; Zheng et al., 2019) or sometimes called cellulose

nanowhiskers (Araki & Miyayama, 2020; Jafari et al., 2020;
Khattab et al., 2020). Others also include microcrystalline cel-
lulose (Abu-Thabit et al. 2020; Alavi, 2019) and microfibril-
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lated cellulose (Silva et al., 2020; Li et al., 2018). The source of
cellulose material and the extraction methods are important
factors that determine the crystallinity, crystal structure, aspect

ratio, and morphology of the extracted cellulose particles
(Trache et al., 2016; Deepa et al., 2015). Previous researches
have shown the possibility of cellulose and nanocellulose

extraction from various sources, such as wood paste (Dong,
2016), pistachio hull (Marett et al., 2017), pine and corn bark
(Ditzel et al., 2017), wood (Rajinipriya et al., 2018), ramie

(Syafri et al., 2018), bagasse (Li et al., 2012), bamboo (Brito
et al., 2012), Rice husk (Fathi et al., 2018), mulberry (Morus
alba L.) (Li et al., 2009), sisal and cotton fibers (Magalhães
et al., 2009) and many others. Moreover, locally available solid

wastes, such as date pits, are an excellent source for extracting
cellulose since they contain as much as 42% cellulose
(Ogungbenro et al., 2018).

Investigators have been trying to come up with a way to
use raw materials, which are economically and environmen-
tally friendly. Therefore, the usage of cellulose, as a biopoly-

mer and a sustainable raw material, is the most appropriate
choice because of its abundance found on earth (Abu-
Thabit et al., 2020; Etale et al., 2020). Furthermore, Wahib

et al. (2021) successfully prepared a novel adsorbent that con-
tains cellulose nanocrystals (CNCs) extracted from date pits
(DP) and ionic liquid (IL) and then loaded it onto a date
pit to prepare IL-CNC@DP adsorbent. This study also inves-

tigated the ability of this adsorbent to remediate boron in
comparison to the unmodified date pits. The data indicated
the superiority of IL-CNC@DP over DP in which their max-

imum adsorption capacities were 97 and 69 mg/g, respec-
tively. This was due to the greater surface area of IL-
CNC@DP which was 4.254 m/g compared to 2.126 m/g for

DP. Moreover, the results revealed that the removal efficiency
of boron from water peaked and reached 97% at pH 6, and
there was no change detected with the change of solution

temperature for both adsorbents. Moreover, Another study
has been conducted by Hosseini et al. (2020) to investigate
the adsorption mechanism of Pb (II), Hg (II), and Cr (VI)
ions onto ultra-lightweight, porous, durable, 3D-cryogel

based adsorbent by integrating 10% GO and Fe3O4 nanopar-
ticles into CNFs (cellulose nanofibrils) extracted from date
palm waste as a major source of cellulose. Hosseini et al.

(2020) used freeze-drying, which is an eco-friendly and afford-
able method, to successfully prepare CNFs/GO/ Fe3O4 bio-
nanocomposite cryogels. The results of the study confirmed

the great uptake performance of the novel adsorbent of Pb
(II), Hg (II), and Cr (VI), and their adsorption capacities
are 126.58 mg/g, 36.70 mg/g, and 73.52 mg/g, respectively.
The authors also confirmed that CNFs/GO/ Fe3O4 bio-

nanocomposite cryogel adsorbent can be considered as a suit-
able candidate to treat effluents that are contaminated with
heavy metal ions due to its ultra-porosity structure, suitable

thermal and mechanical properties, low density, green syn-
thetic way, and supreme adsorption.

The process of obtaining cellulose on the nanoscale can be

performed mechanically or chemically by modifying the type
of polymer used (Börjesson & Westman, 2015). This nanofiber
possesses a biodegradable property with low density and an

impressive firmness material (Phanthong et al., 2018). Com-
paring cellulose to nanocellulose, nanocellulose polymers have
high crystallinity, high mechanical strength, and high
hydrophilicity (Zheng et al., 2019). Moreover, those cellulose
nanomaterials with high surface-to-volume ratio, biodegrad-
ability, high functionalizability, and sustainability hold great
potential in water treatment after already demonstrating their

application in paper and packaging, textile industries, and
other fields (Carpenter et al., 2015). Nanocellulose is employed
in a variety of applications. For example, enhancement of

mechanical and barrier properties of interior panels in auto-
motive is one of the applications of nanocellulose (Lyne,
2013). Other types of applications include the use of nanocel-

lulose in cement or concrete construction (Ardanuy Raso
et al., 2012). As for small-scale applications, nanocellulose
can be used in aerogel production, as they are efficient in
absorbing oil from water (Cervin et al., 2012). Furthermore,

industrial activities make use of nano-products since they are
used as viscosity modifiers that can reduce oil thinning as tem-
perature increases. They are used in water purification by the

adsorption process (Dufresne, 2017). Regardless, it is safe to
say that one of the most promising approaches for nanocellu-
lose applications is its employment as a filler in bio-

composites. The integration of these bio-composites and their
excellent characteristics, as previously mentioned, along with
their relatively low production cost can be a promising method

towards the next generation of green materials. This is due to
the properties in which they possess rod-shaped morphologies
with a large surface area that ranges from 150 m2/g � 250 m2/g
with low density at 1.566 g/cm3 and a high aspect ratio of 10 –

85 (Shafizah et al., 2018). Furthermore, they possess nano sec-
tional fibers with nano dimensional cross-sectional morpholo-
gies making them excellent candidates for various applications

(Isogai et al., 2011).
There are several sources mentioned where cellulose can be

obtained from either crop, industrial residues, or animal resi-

dues. The biomass extracted has three main components,
namely cellulose, hemicellulose, and lignin (Dı́ez et al., 2020;
Jung et al., 2015; Isik et al., 2014). Each cellulose fibril is made

up of a crystalline and amorphous (non-crystalline) region
(Song et al., 2014). To obtain the crystalline region to produce
cellulose nanocrystals (CNCs), the amorphous region of cellu-
lose fibers needs to be separated (Brinchi et al., 2013). There-

fore, extraction of CNCs normally consists of two processes,
chemical purification, and acid hydrolysis. The cellulose source
and extraction process determine the properties of the cellulose

polymer; likewise, nanocellulose depends upon the same fac-
tors (Deepa et al., 2015; Sacui et al., 2014). Therefore, such fac-
tors can help determine the different classifications of

nanocellulose. In general, nanocellulose can be classified into
three types of materials, namely nanocrystalline cellulose
(NCC) or cellulose nanocrystals (CNCs), nanofibrillated cellu-
lose (NFC), and bacterial nanocellulose ones (BNC) (Kian

et al., 2019; Kontturi et al., 2018; Jawaid et al., 2017; Garcı́a
et al., 2016). Even though such materials are the same regard-
ing their chemical structure, they differ in their morphologies

and treatment methods. According to numerous researchers,
there are various methods for the production of CNCs such
as mechanical method, ionic liquid method, enzymatic

method, 2,2,6,6-Tetramethylpiperidine-1-oxyl radical
(TEMPO) oxidative method, combination method (oxidative
or enzymatic and mechanical), acid hydrolysis by different

acids, such as sulfuric acid, phosphoric acid, and hydrochloric
acid (Guo et al., 2020; Ribeiro et al., 2020; Ribeiro et al., 2019;
Peretz et al., 2019). Table 1 discusses three main CNCs extrac-
tion methods.



Table 1 Methods used for CNCs extraction.

Method Advantages/disadvantages Yield (%) Reference

Acid hydrolysis CNCs with excellent suspension stability.

Difficult to treat acid waste.

15.7 Cheng et al., 2017

Enzymatic hydrolysis Environmentally friendly.

High cost.

13.6 Meyabadi et al., 2014

Oxidation degradation High consumption of oxidants.

Production of CNCs carboxylation.

35 Yang et a., 2013

Mechanical process High crystallinity and thermal stability. 85.35 Tang et al., 2013
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Among all these methods, acid hydrolysis by sulfuric acid
has been known as the most widely used method for CNCs

extraction due to its simplicity as well as resulting in the
nanoparticle of 100–1000 nm with high crystallinity and stiff-
ness (Wulandari et al., 2016; Börjesson & Westman, 2015;

Shanmugarajah et al., 2015; Lani et al., 2014). Moreover, the
Soxhlet extraction method has multiple advantages, for exam-
ple, the sample phase is repeatedly brought into contact with a

fresh portion of the solvent, thereby enhancing the displace-
ment of the analyte from the matrix as well as no filtration is
required after the leaching step, requires inexpensive equip-
ment, very simple methodology and has the possibility to

extract more sample mass compared to the latest extraction
methods. However, this method also has major drawbacks
such as the long time required for the extraction as well as

the large amount of organic solvent wasted which is expensive
to dispose of and can cause environmental pollution (Luque-
Carcia and De Castro, 2004). The mechanical stirrer is the

most popular among all extraction techniques proposed in
recent years for reducing wastes (Camino-Sanchez et al.,
2014). Therefore, this study aims to extract and characterize
the CNCs from date pits (DP) using the sulfuric acid hydroly-

sis through the Soxhlet apparatus technique and mechanical
stirrer technique accompanied with ultrasonication. Further-
more, comparing the produced CNCs by both methods as well

as their costs. The chemical components, morphology, crys-
tallinity, and physicochemical properties of the prepared
CNCs were also investigated. Moreover, since environmental

conservation is a growing concern, it encouraged researchers
to develop biodegradable materials from natural sources for
various applications. Different studies focused on utilizing

agricultural wastes to obtain more valuable materials, which
can be applied in sustainable applications. The uniqueness of
this paper presents how using residual biomass benefits the
use of waste products as well as provides new renewable mate-

rials. Hence, in this study, date pits are used due to their plen-
tiful local availability found as agricultural waste in Qatar.
Therefore, it is used to simultaneously reduce the amount of

date pits wastes and to isolate the CNCs. Based on our knowl-
edge, no previous studies have reported the extraction and
characterization of cellulosic materials from date pits (DP)

except for our previous publications (Wahib et al., 2021;
Wahib et al., 2022).

2. Methodology

2.1. Materials

Qatari date fruits, Phoenix dactylifera L. were collected from
local stores in Qatar. Sodium hydroxide (research lab fine
chem industries, India), sodium hypochlorite (Alfa Aesar, the
United States), n-hexane (Scharlab S.L., Spain), and sulfuric

acid (Sigma-Aldrich, United States) were of analytical grade
and used without any further purification. Distilled water
was used in the whole process. Dialysis bags were provided

by Carolina Biological Supply Company.

2.2. Preparation of starting material

The date pits (DP) samples were washed with distilled water to
remove any dirt and impurities. The samples were left over-
night to air dry. A microphyte disintegrator was utilized for
the grinding of DP. After that, the samples were stored at

room temperature for future use.
2.3. Extraction of cellulose and cellulose nanocrystals from date
pits

The schematic illustration of the used extraction methods for
cellulose nanocrystals (CNCs) from the DP is shown in Fig. 1.

2.3.1. Method 1-Mechanical stirrer

Five hundred milliliters of 6.0 % sodium hydroxide (NaOH)
were prepared in an Erlenmeyer flask with 50 g of ground

DP to delignify the samples. This mixture was heated at
70 �C and stirred for 4 hrs using the mechanical stirrer. A neu-
tral pH value has been achieved after filtering the black lignin

waste with a constant washing of the solid part by using dis-
tilled water. The mixture was left to air dry overnight and
the product attained after the NaOH treatment is denoted as

N1-DP. Furthermore, the neutralized mixture undergoes
bleaching by the addition of 300 mL of 6.0% sodium
hypochlorite solution (NaClO). The mixture was stirred for 2
hrs at 70 �C using the mechanical stirrer and the solid part

was filtered off from the liquid. Then, the product has under-
gone further bleaching around six times, consecutively, before
washing the product exhaustively with distilled water to afford

neutral cellulose. After that, it was separated by filtration, and
the obtained solid product was cellulose (Lusiana et al., 2019).
Finally, the pure cellulose was left to air dry overnight for fur-

ther use and the product attained after the NaClO treatment is
denoted as B1-DP.

2.3.2. Method 2-Soxhlet apparatus

In this method, 50 g of ground DP were dewaxed in a Soxhlet
apparatus using 500 mL of 96% n-hexane in several cycles for
8 hrs. The black concentered hexane extract of this step was

left to evaporate under reduced pressure. Then, it was followed
by further washing by 500 mL of distilled water for 8 hrs in



Fig. 1 Extraction methods of CNCs from the DP.
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several cycles in the Soxhlet extractor. Afterward, the dewaxed

fibers of the DP were left to air-dry overnight. To delignify the
DP, 500 mL of 2.0% sodium hydroxide (NaOH) were added in
the Soxhlet extractor with the dewaxed DP for the alkaline

extraction step for 3 hrs. The product was then consecutively
washed with distilled water to afford neutral delignified cellu-
lose and was left to air dry overnight and the product is

denoted as N2-DP. The final step is bleaching by 1.7% of
NaClO in the Soxhlet extractor for 3 hrs (Nabili et al.,
2016). The solid product was washed with distilled water to

afford neutral cellulose and was left to air dry overnight and
the product is denoted as B2-DP.
2.4. Preparation of cellulose nanocrystals (CNCs)

According to our preliminary research, the obtained cellulose

from methods 1 and 2 was subjected to 500 mL of 64% sulfuric
acid (H2SO4) for 1 hr under 25 �C (Wahib et al., 2022). The
reaction ended by adding cold distilled water that is 10 times
the volume of the reaction. Then, neutral pH was achieved

by repetitive washing of sulfuric acid with distilled water. After
that, separation of CNCs has been carried out by using the
centrifuge for 30 mins at 5000 rpm. Moreover, the excess sul-

fate ions were removed by using a dialysis membrane in which
the CNCs were soaked in distilled water for 48 hrs, which then
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has been followed by ultrasonication for another 15 mins at
600 w. Finally, an oven was used to dry the obtained CNCs
at 70 �C overnight. The CNCs obtained by method 1 will be

denoted as CNCs1 and by method 2 as CNCs2.

2.5. Characterization of CNCs and intermediate products

2.5.1. Chemical composition measurement of the lignocellulosic
materials of the DP

The chemically-treated DP was measured in accordance with
the standards of the Technical Association of Pulp and Paper
Industry (TAPPI) for the chemical composition of each inter-

mediate product of each method (N1-DP, B1-DP, N2-DP, and
B2-DP). Two samples from each method were tested and the
average values were obtained in the end. The holocellulose
content, which comprises cellulose and hemicellulose, was

determined according to the method described in TAPPI
T19m-54. To determine the a-cellulose content, treatment by
NaOH of the fiber was done to remove the hemicellulose. Fur-

thermore, the difference between the holocellulose and a-
cellulose values gives the hemicellulose content. Lastly, the lig-
nin content was also analyzed by using sulfuric acid in accor-

dance with the standard method TAPPI-T222 cm-99. The
obtained values are then compared with the original content
of DP as mentioned by Al-Ghouti et al., (2019).

2.5.2. Determination of physical properties of the extracted
CNCs from methods 1 and 2

True density, moisture content, and pH were determined for

CNCs from both methodologies. The true density was deter-
mined by using the liquid displacement method that has been
previously described by Abu-Thabit et al. (2020). Immersion
liquid xylene was used, and the true density (DT) was calcu-

lated by the Eq. (1):

DT ¼ w

½ aþ wð Þ � b� � SG ð1Þ

Where w is the mass of the CNCs sample, SG is the specific
gravity of xylene, a is the total mass of the (pycnometer bot-

tle + solution), and b is the sum of the mass of the (pycnome-
ter bottle + solution + sample). The results were based on
two duplicates and their average was reported. The experiment

was done for both methodologies. Furthermore, moisture con-
tent was carried out following the procedure of Tarchoun
et al., (2019). The moisture content (MC) was calculated using

Eq. (2).

MC %ð Þ ¼ ½wi� wf

wi
� � 100 ð2Þ

Where wi is before drying the sample (g) and wf is after dry-

ing the sample (g). The results were based on two duplicates
and their average was reported. The experiment was done
for both methodologies. Also, the pH was determined relying

on the method by Kambli et al., (2017). The CNCs sample
was immersed in 500 mL of distilled water. Then the suspen-
sion was placed on the shaker for 30 min at 25 �C. A portable
digital pH meter was used to determine the suspension pH for

both methodologies.
Lastly, the yield of CNCs1 and CNCs2 were calculated

according to the gravimetric analysis method as demonstrated

by Seta et al. (2020).
The equation of yield of both CNCs samples is calculated
as per Eq. (3).

Yieldð%Þ ¼ ½W2

W1
� � 100 ð3Þ

Where W2 is the weight of the final dried samples and W1 is
the dry weight of the initially dried DP. The results were based
on two duplicates and their average is reported.

2.5.3. Characterization of the prepared materials

To understand the involved processes and mechanisms, it is
important to characterize the prepared materials. Therefore,

the characteristics of the materials (DP, N1-DP, B1-DP,
N2-DP, B2-DP, CNCs1, and CNCs2) were determined. The
morphological characteristics of the material’s surface were
evaluated by scanning electron microscope (SEM) (JEOL

model JSM-6390LV). The obtained CNCs from both methods
after drying was then mounted on a conductive carbon tape
before coating the sample with gold to analyze by SEM. Fur-

thermore, Fourier transform infrared (FTIR) spectra of
CNCs1 & CNCs2 were recorded using the RSpirit-T model.
The FTIR analysis was performed for the interpretation of

the material’s functional groups. The measurements were per-
formed over 4000–400 cm�1 by obtaining each CNCs sample
from both methods are mixed with dried potassium bromide

(KBr) powder before subjecting to grinding. Additionally,
transmission electron microscopy (TEM) was used to deter-
mine the size distributions of CNCs1 and CNCs2 in which they
were imaged using an H-7650 Hitachi, Japan TEM. The TEM

images were analyzed using Nanomeasurer 1.2 by suspending
each CNCs sample in ethanol and subjecting it to ultrasonica-
tion to obtain separate crystals. Moreover, CNCs1 & CNCs2
were analyzed by X-ray diffraction (XRD) by using a diffrac-
tometer (D/max 2200, Rigaku, Japan) equipped with Ni-
filtered Cu Ka radiation (k = 1.5406 Å) at 40 kV and

30 mA. Recording the intensities of diffraction was done
between 5� and 60� (2h angle range) at a scan rate of 5�/min.
The Segal method was used to measure the crystallinity index
(CrI, %) (Aguayo et al., 2018). The crystallinity index was cal-

culated according to Eq. (4).

CrI ¼ ½I200� Iam

I200
� � 100 ð4Þ

Where I200 is the maximum intensity of the diffraction at

peak of 200 (2h = 22.6�) and Iam is the diffraction intensity
at 2h = 18�.

2.6. Cost analysis

Cost analysis was done to compare the two methods that were
used for CNCs extraction from DP. The analysis was carried
out by breaking down the cost of the used chemicals, materi-

als, and energy consumed as well as other extra expenses.

3. Results and discussion

3.1. Chemical components

Table 2 shows the chemical compositions of N1-DP, B1-DP,
N2-DP, B2-DP, and DP. The chemical compositions of the



Table 2 Chemical composition of the obtained cellulose nanocrystals (CNCs).

Sample % a-Cellulose % Hemicellulose % Lignin

DP 21.2 28.1 19.9

Alkali treated (N1DP)* 63.1 7.95 7.02

Alkali treated (N2DP)* 51.5 6.7 3.21

Bleached (B1DP) 84 2.6 0.51

Bleached (B2DP) 72.5 1.5 0.14

*N1DP & N2DP (treated by NaOH), B1DP & B2DP (after bleaching).

Table 3 Physicochemical properties of isolated CNCs.

Physicochemical property CNCs1 CNCs2

True density 1.7 1.9

Moisture content (%) 5.6 6.2

pH 6.5 6.2
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intermediate products of the two methods were found to be
significantly different.

The results of the chemical compositions of the DP at dif-
ferent treatment stages of methods 1 and 2 are listed in Table 2.
It is important to note that there are other chemical compo-
nents such as protein, fat, and ashes found in DP. Neverthe-

less, these components do not affect the isolation of CNCs
due to their low percentages as reported by Genedy et al.
(2017). The DP has a chemical composition of 21.2, 28.1,

and 19.9% for a-cellulose, hemicellulose, and lignin, respec-
tively (Al-Ghouti et al., 2019). The non-cellulosic content like
hemicellulose has the highest percentages in comparison to the

cellulose content. Therefore, the objective was to chemically
treat the DP to remove the non-cellulosic contents. Hence,
when the DP was subjected to treatment by NaOH, the hemi-

cellulose and lignin contents of the DP decreased from 28.1%
and 19.9% to 7.95% and 6.7%, respectively for both methods
(N1-DP & N2-DP). On the other hand, the concentration of
cellulose increased for both methods (N1-DP & N2-DP) to

63.1% and 51.5%, respectively. Comparing these values to
the original a-cellulose of the DP, which is 21.2%, the values
bare significantly high. Hence, the delignification process per-

formed by the NaOH treatment was successful. Furthermore,
it can be concluded that method 1 yields better results than
method 2, in terms of chemical composition after the delignifi-

cation process.
After the bleaching treatment, the hemicellulose and lignin

contents decreased even more to 2.6% and 1.5%, respectively

for both methods (B1-DP & B2-DP). Abu-Thabit et al. (2020)
extracted and characterized microcrystalline cellulose from
Phoenix dectylifera L. date seeds and found that bleached date
seed has 3.92% hemicellulose and 0.86% lignin. Moreover, it

can be justified that the bleaching treatment is the second treat-
ment for the DP, therefore less hemicellulose and lignin con-
tents are yielded. Whereas it is evident that the cellulose

content for both methods (B1-DP & B2-DP) increased signifi-
cantly to 84% and 72.5%, respectively. This can be due to
the amorphous phase removal which was indicated by the

presence of alkali-soluble lignin components as well as the
water-soluble hemicellulose, which in turn led to the presence
of higher cellulose content (Tarchoun et al., 2019). It is clear
that the first method that relies on the mechanical stirrer yields

better results for purified cellulose.

3.2. Physicochemical properties of CNCs1 and CNCs2

The physicochemical properties of CNCs1 and CNCs2 are
listed in Table 3. Measurement of the true density of cellulosic
materials is important since it provides the required physical
quantity value needed for future practical uses. The density

of CNCs1 (1.7) and CNCs2 (1.9) are considered to be very close
in value to each other. Vincent et al. (2021) used postharvest
waste (stalks) to extract CNCs and found that it has a density

of 1.6. In addition, comparing these results to a previous study,
the true density of nanocellulose was found to be almost 1.60
regardless of the cellulose’s biological origin (Daicho et al.,

2019). This means that most nano-scale products have true
densities that are less than 2.0 irrespective of the chemical com-
position and other physiochemical properties the fiber pos-
sesses. According to Crouter & Briens (2014), the moisture

content is considered a significant parameter when dealing
with CNCs at pilot scales such as manufacturing stages. In
the current results, the measured moisture content of CNCs1
is 5.6% and CNCs2 6.2%. Evans et al. (2019) extracted CNCs
from sugarcane baggase and found that it has a moisture con-
tent of 3%. It can be concluded that the moisture content of

method 2 is slightly higher due to the extraction step per-
formed with hexane and water, nevertheless, there are no sig-
nificant differences between both methods. This might be
due to the fact that extraction in method 2 using hexane and

water was used to dissolve and remove impurities that alter
the properties of CNCs surfaces, these impurities include hemi-
celluloses, lignin, and different mono and disaccharides

(Banerjee et al., 2020). Therefore, the slight moisture content
may be attributed to the absorption of moisture in the spaces
left vacant from the removal of hemicellulose and lignin (Sofla

et al., 2016). Lastly, the pH value for the CNCs1 suspension
(6.4) and that of CNCs2 (6.2) are close to neutral, which fulfills
our aim at obtaining pure cellulose nanocrystals after modify-

ing by sulfuric acid. Similarly, Pandi et al. (2021) synthesized
cellulose nanocrystals from cotton and found that the pH of
the obtained CNCs suspension was between 6 and 7.

Furthermore, considering the yield of both CNCs samples

as per equation (3), CNCs1 has a slightly higher yield (12%)
than CNCs2 (10%). Nonetheless, both methodologies pre-
sented a yield (�10%) which is considered a promising tech-

nique for CNCs production on an industrial scale (Seta
et al., 2020).



Fig. 2 Schematic illustration of SEM results of the surface morphology of A) DP at 5000x, B) DP at 2500x, C) N1-DP, D) N2-DP, E)

B1-DP, F) B2-DP.
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3.3. Scanning electron microscopy (SEM) analysis

The DP, N1-DP, B1-DP, N2-DP, and B2-DP were observed

using a scanning electron microscope as shown in Fig. 2.
The SEM images of the DP demonstrate that the sample has
agglomerated and smooth surface morphology with few rough

areas, which is due to the presence of hemicellulose and cellu-
lose content that compacts and hides the cellulose fibers below
them. The high magnification of the SEM image of the DP sur-
face reveals an extremely smooth surface, which can be due to

the reflection of the lignin content that coats the cell wall of the
DP. Comparing this to the intermediate products of both
methods (N1-DP, N2-DP, B1-DP, & B2-DP), it is evident that

all the samples exhibit a rough surface with irregular mor-
phologies because of the strong chemical treatments during
the delignification and bleaching process. However, after the

delignification process by NaOH, it can be inferred that the
surface of both N1-DP & N2-DP had an irregular structure
with a porous exterior. In other words, the presence of the hol-
low morphological surface proves the removal of the filled

parts of the surface as a result of the removal of the amor-
phous components. Similarly, Zou et al. (2020) studied the
morphology of transparent cellulose nanofibrils composites

and found that the removal of cementing amorphous compo-
nents led to the presence of hollow surface morphology. This
can be attributed to the degradation process of the hemicellu-

lose and the lignin content that occurred by the alkali treat-
ment (Fu et al. 2018). Further, B1-DP and B2-DP exhibited
porous structures, as can be shown in Fig. 2e and f. The por-

ous morphology of the bleached samples is clear and that is
due to the successful removal of hemicellulose and lignin con-
tents. Additionally, this indicates that the removal of the resid-
ual lignin by the NaClO solution was successful. All the

obtained results are also consistent with the values reported
in chemical composition in Table 2. Similar results were
obtained by Zheng et al. (2019), who extracted CNCs from
walnut shells and found that SEM results indicate the degrada-

tion of lignin and hemicellulose due to the alkali treatment.
Furthermore, Vardhini et al. (2018) investigated the effect of
alkali treatment of different concentrations on the morphology

of banana fiber, and SEM results indicate the removal of hemi-
cellulose and lignin.

3.4. Transmission electron microscopy (TEM) analysis

The transmission electron microscope was used to study and
observe the morphology of the cellulose nanocrystals under

the two different methods. The arrangement of the cellulose
nanocrystals extracted after acid hydrolysis of bleached DP
is shown in Fig. 3 of both CNCs1 and CNCs2. The TEM
was the best to study the cellulose at the nanoscale. Based

on literature and previous studies, the usage of sulfuric acid
at optimum concentration, temperature, and time yields ideal
nanocrystals (Khan et al., 2020; Guo et al., 2020; Zheng

et al., 2019). The TEM results for the CNCs1 morphology after
modification through sulfuric acid hydrolysis show cellulose
microfibrils with packed structure because of the presence of

intermolecular and intramolecular hydrogen bonding (Chen
et al., 2011). It could also be due to the sonication treatment
that caused the fibers to spread unevenly, but not well enough,

therefore at low magnification, multiple aggregations of nano-
fibers are present. It is important to note that when preparing
nanosize particles sufficient sonication for the sample is
required to fully break the fibers into smaller microfibers

(Abu-Thabit et al., 2020). Therefore, the CNCs1 sample needs
to be further sonicated to avoid the aggregation of the nanofib-
rils. Furthermore, the appearance of the aggregated nanofibrils

could be due to the high specific area between the nanofibers
themselves. In addition, it is evident that the fibers have rod-
like morphologies, which is one of the typical cellulose

nanocrystals shape (Kontturi et al., 2018). The same findings
of nanocellulose TEM images obtained through sulfuric acid



Fig. 3 TEM image of A) CNCs1, B) CNCs2.
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hydrolysis are reported by Moreno et al., 2018. Nevertheless,
at high magnification, the morphology of the nanofibers shows

that the aggregates are assembled in parallel to each other and
are aligned neatly alongside one another. This could be
explained by the fact that the hydrogen bonds between the

hydroxyl groups are found on the surface of the nanofibrils,
which forces the fibers to be aligned in that way (Chen et al.,
2011). Therefore, at high magnification, the appearance of

the fibrils is of an organized structure. Furthermore, the
ordered arrangement of the fibrils represents the crystalline
region of CNCs1 with few amorphous regions. This is due to

the removal by sulfuric acid chemical treatment. It is worth
mentioning that 64% concentration of sulfuric acid has been
reported to be the best in the formation of nanocellulose and
that using lower acid concentration can yield lower nanocellu-

lose (Börjesson and Westman, 2015). As for the second
methodology, it shows that the CNCs2 also possesses a packed
structure due to the strong hydrogen bonding. Moreover, the

fibrils, in this case, are more dispersed and less clumped in
comparison to CNCs1, although it is similarly evident that
the fibers are also rod-shaped cellulose particles. Although,

as the magnification increased, the morphology of the nanofi-
bers is shown to be assembled next to each other, where they
are similar to the TEM image of CNCs1. Both methods for

CNCs1 and CNCs2 have similar morphologies, meaning that
the extraction processes using both methods were applicable
and successful. In the end, the size and shape of cellulose
nanocrystals impact the properties it has in an aqueous media,

hence these characteristics determine the application of CNCs.

3.5. Fourier transform infrared (FTIR) analysis

The importance of the FTIR spectrum relies on the fact that it
demonstrates significant information regarding the chemical
structure of the biopolymers obtained. The presence of multi-

ple functionalities such as hydroxyl, methoxy, and cellulosic
components were verified from the characteristic peaks
detected in the FTIR spectrum of both CNCs1 and CNCs2
as shown in Fig. 4. This form of analysis can give us an idea
of whether the extracted cellulose nanocrystals are similar in

their chemical structure or whether the different methodology
of extraction can reveal different chemical structures of CNCs.

Since cellulose, hemicelluloses, and lignin are the main con-

stitutes of DP, therefore, the main functional groups present in
these three materials are alkanes, esters, aromatics, ketones,
and alcohols with different oxygen-containing functional

groups (Chandra et al., 2016). As a result, the elimination of
some peaks in the FTIR spectra will indicate the complete
removal of the component’s posts chemical treatment of the

DP fiber. Two main absorption regions appeared in both
curves, where one is at low wavelengths from 500 cm�1 to
1750 cm�1 and the other at high wavelengths from
2800 cm�1 to 3500 cm�1 (Zheng et al., 2019). Moreover, O-

H stretching vibration in both samples that represent the
hydrogen-bonded hydroxyl groups in the cellulose molecules
is found near the region 3400 cm�1 as a wide broad peak.

The peak intensity is reduced due to the successive treatments
made by alkali and acid treatment on the DPs to obtain cellu-
lose nanocrystals. Moreover, it can be due to the degradation

of the intramolecular and intermolecular hydrogen bonds
formed by most of the hydroxyl groups (Abu-Thabit et al.,
2020; George & Sabapathi, 2015; Adel et al., 2011). This can

also result in lower moisture absorption, hence a broad wide
peak is formed (Chandra et al., 2016; Abraham et al., 2013).
The peak at 1388 cm�1 corresponds to the bending vibrations
of the C–H and C–O groups of the polysaccharides. The peak

at 1155 cm�1 was attributed to C–O–C asymmetric stretching
vibration associated with CNCs1 and CNCs2. Other peaks
include 2851 cm�1 and 2920 cm�1 that are assigned to the C-

H stretching vibrations (Abu-Thabit et al., 2020).
It is necessary to note that the FTIR results should demon-

strate cellulose components since CNCs originate mainly from

them. For example, the peak at 897 cm�1 corresponds to the
C-O-C deformation and stretching in cellulose (Gonultas &
Candan, 2018). In the current study, this band is found at
790 cm�1, where it indicates that the original molecular struc-



Fig. 4 FTIR spectra of CNCs1 and CNCs2.
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ture of cellulose was still maintained even with the removal of
lignin and hemicellulose components. Furthermore, the vibra-
tions of adsorbed water molecules should be demonstrated at

bands 1640 cm�1 (Zheng et al., 2019; Haafiz et al., 2013;
Mandal & Chakrabarty, 2011). This is due to cellulose and
water molecules’ strong interactions with each other. However,
the band is not found at that specific wavenumber. The stretch-

ing vibration of the C–O–C bonds representing the cellulose 4-
glycosidic links linkages of the d-glucose units are shown at
peaks 1162 cm�1 and 1034 cm�1 in both samples. These peaks

correspond to the typical cellulose structure shown in previous
studies (Kubovský et al., 2020; Luzi et al., 2019). It can be con-
cluded that the modification presented by sulfuric acid that

was used to obtain CNCs is successful due to the significant
peaks that represent the changes in its chemical structure.
The CNCs were successfully extracted from methods (1 and

2) since most of the lignin and hemicellulose components were
removed. Based on the FTIR spectrum, both CNCs samples
had similar chemical structures and no significant changes
were observed; therefore, any isolation methods (1 and 2)

can be used in the future to attain cellulose nanocrystals.
The absence of peaks around 1500 cm�1 and 1600 cm�1 indi-
cates the removal of lignin and hemicellulose (Ng et al., 2021;

Mazlita et al., 2016). These results are in agreement with the
results of SEM analysis that indicates the removal of lignin
and hemicellulose.

3.6. X-ray powder diffraction (XRD) analysis

Biomass of lignocellulosic components is composed of amor-

phous and crystalline regions according to Chandra &
Madakka (2019). This amorphous region is present as a result
of lignin and hemicellulose present in DP, on the other hand,
the crystalline region is due to the presence of cellulose. There-

fore, the treatment that is done chemically leads to the depoly-
merization of hemicellulose and the delignification of DPs,
which tends to increase the crystallinity of cellulose obtained

in the end. As shown in Fig. 5, the crystallinity nature of the
fibers indicates the successful conversion of the extracted cellu-
lose to nanocellulose. The XRD spectra of CNCs1 are repre-
sented by diffraction peaks at 2 theta values 15.8�, 22.5�, and
33.5�. Similarly, the diffractrogram of the CNCs2 from method
2 also shows similar peaks, which are corresponding to the lat-

tice planes (Miller index) 110, 200, and 004, respectively (Guo
et al., 2020; Zheng et al., 2019; Chandra et al., 2016). It is indi-
cated from the obtained peaks of both samples that the struc-
ture of the cellulose was preserved and maintained. Moreover,

it is indicated that utilizing H2SO4 did not alter the original cel-
lulose crystal (Marett et al., 2017). The high crystallinity of the
obtained CNCs from both methods is indicated by the sharp

diffraction peak at 22.5� which was similar to the results
obtained by Trilokesh & Uppuluri (2019) who found the sharp
peak at 2h = 22.6�. Since hydroxyl groups formed the inter-

molecular and intramolecular H-bonding, therefore, the crys-
talline arrangement order for each CNCs has been reported.
The cellulosic chains’ movement is limited by the H-bonding

which leads to their alignment next to each other forming
the cellulose crystallinity (Chandra et al., 2016). From Eq.
(4), the crystallinity index is calculated for CNCs1 and CNCs2
to measure if the % crystallinity changed under the two differ-

ent methodologies. It was found that the apparent crystallinity
of CNCs1 was 69.99%, whereas the crystallinity of CNCs2 was
67.79%. Furthermore, as mentioned previously, the % yield of

CNCs1 is slightly higher than CNCs2, which could be attribu-
ted to the lower cellulose content and lower crystallinity. In
general, there were no significant differences in the position

of the XRD peaks between the CNCs1 and CNCs2. Further-
more, the consecutive chemical treatments of DP effectively
removed the non-crystalline regions which caused the high
crystallinity. These results support the FTIR and SEM results

in terms of lignin and hemicellulose removal and confirm that
the obtained product is CNCs. Table 4 represents the crys-
tallinity percentage of our obtained CNCs and other CNCs

obtained from different resources by acid hydrolysis.

3.7. Cost analysis, research implications, and limitations

Cost plays a crucial role in choosing the optimum CNCs
extraction method, hence, is considered as an important driver
for the success of the extraction process. Generally, assuming



Fig. 5 XRD patterns of CNCs1 and CNCs2.

Table 4 Crystallinity value of cellulose nanocrystals (CNCs) obtained from different sources through acid hydrolysis.

Cellulose nanocrystal’s (CNCs) source Crystallinity (%) Crystallinity size (nm) References

DP (CNCs1) 69.99 17.34 This Study

DP (CNCs2) 67.79 17.34 This Study

Industrial bio-residue (CNCs-BR) 85.4 9.1 Herrera et al., 2012

Sugarcane peel (SP-CNCs) 99.2 25.7 Abiaziem et al., 2019

Jackfruit peel 83.42 2.80 Trilokesh & Uppuluri, 2019

Eucalyptus globulus 55.3 1.99 Carrillo et al., 2018

Eucalyptus Benthamii 54.1 1.9 Carrillo et al., 2018

Walnut shell (WS-CNCs) 40.1 – Zheng et al., 2019

Sisal fibers 94.03 – Sosiati et al., 2017

Sugarcane bagasse 76.89 – Evans et al., 2019

Calotropis procera 68.7 – Song et al., 2019
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that the CNCs source is cost-effective when it does not demand
high processing and it is easily available in nature, an indus-

trial by-product, or waste material (Yaqub et al., 2014). Since
the fiber business and its products reached around USD 1.08
billion in the global market, various resources have been used

to produce nanocellulose. Agro-waste residues are a sustain-
able source of cellulosic biomass such as fruit waste, wheat
straw, and date pits, in which tremendous efforts were applied
for mining cellulosic fibers from such wastes (Yang et al.,

2017). The cost of the extraction process can be reduced not
only by using the non-valuable agricultural wastes to produce
highly profitable products such as nanocellulose but also by

the pretreatment process that can be performed before
nanocellulose extraction. Moreover, Visanko et al., (2014)
mentioned that using treatment processes such as alkaline

treatment and acid hydrolysis for the production of nanocellu-
lose instead of the highly intensive machine-driven process
would reduce the required energy from 30,000 kWh/ton to

1000 kWh/ton. Based on our knowledge and the research out-
puts, using the Soxhlet apparatus technique (method 2) for
extraction of CNCs from DP was more time consuming and
energy-intensive since it required more time on the hot plate

compared to the mechanical stirrer technique (method 1) as
mentioned previously in the methodology. Moreover, using
the Soxhlet apparatus (method 2) demanded more chemicals

than the mechanical stirrer (method 1) since hexane was used
only for the Soxhlet technique which increases the final cost
of the extraction process. Therefore, using the mechanical stir-

rer technique is more cost-effective compared to the Soxhlet
apparatus method.

Furthermore, sulfuric acid is commonly used for the acid
hydrolysis process due to its low cost and better stability of

the CNCs suspensions. However, discharging large amounts
of the acid and a long time for washing the obtained CNCs
is one drawback of using such acid. Considering the environ-

mental issues caused by discharging wastewater with strong
acids like sulfuric and hydrochloric acid encourages finding
alternatives with less environmental impact. For this reason,

phosphoric acid has been used as a promising alternative for
sulfuric acid in acid hydrolysis as it showed good thermal sta-
bility, but more research is required to increase its yield, which

will eventually affect the final cost of the process (Gao et al.,
2020; Tang et al., 2015). The presence of hemicellulose, lignin,
and other undesired organic materials present a challenge in
the production of CNCs, but this can be overcome by pretreat-

ments such as bleaching and alkaline washing which are able



Table 5 Total cost required for CNCs production under methods 1 and 2.

Item Unit Cost (USD) Amount used Cost

(USD)

Method 1 (Mechanical stirrer)

Sodium hydroxide (1 kg) 40.49 30 g 1.21

Sodium hypochlorite (2.5 L) 29.4 128.57 mL 1.51

Sulfuric acid (500 mL) 26.92 168.4 mL 9.06

Dialysis bags (25 bags – Sigma-Aldrich) 134.41 1 bag 5.38

Total cost of grinding and ultrasonication 0.036 per kWh 0.064 kWh, (Energy to Heat = 0.129) 0.0023

Total cost of heating for cellulose

preparation

0.036 per kWh 2.17 kWh (70�C, 6 h), (Energy to Heat at 70�C = 0.36 kWh/hr) 0.078

Total cost of heating for CNCs preparation 0.036 per kWh 0.129 kWh (25�C, 1 h), (Energy to Heat at 25�C = 0.129 kWh/

hr)

0.004

Cost of drying 0.036 per kWh 5.88 kWh (70�C, 24 h), (Energy to Heat at 70�C = 0.245 kWh/

hr)

0.211

Net cost 17.46

Other overhead costs (10% of the net cost) 1.746

Total cost 19.20

Method 2 (Soxhlet apparatus)

Hexane (1 L) 27.19 500 mL 13.6

Sodium hydroxide (1 kg) 40.49 10 g 0.40

Sodium hypochlorite (2.5L) 29.94 36.43 mL 0.42

Sulfuric acid (500 mL) 26.92 168.4 mL 9.06

Dialysis bags (25 bags – Sigma-Aldrich) 134.41 1 bag 5.38

Total cost of grinding and ultrasonication 0.036 per kWh 0.064 kWh, (Energy to Heat = 0.129 kWh/hr) 0.0023

Total cost of heating for CNCs preparation 0.036 per kWh 0.129 kWh (25�C, 1 h), (Energy to Heat at 25�C = 0.129 kWh/

hr)

0.004

Cost of drying 0.036 per kWh 5.88 kWh (70�C, 24), (Energy to Heat at 70�C = 0.245 kWh/hr) 0.211

Net cost 29.08

Other overhead costs (10% of the net cost) 2.908

Total cost 31.98
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to remove all these materials from the biomass. Since chal-
lenges do exist, more efficient research outputs and environ-

mentally friendly processes are required to overcome these
issues and to extract CNCs in a sustainable way.

Cost analysis for both methods was proposed by including

important chemicals and materials used, energy consumption,
and other expense as shown in Table 5. The cost breakdown
calculations were based on 50 g of DP and the percent yields

of CNCs1 and CNCs2 were 12% (i.e. 6 g) and 10% (i.e. 5 g).
The yield is calculated and mentioned in the manuscript in
Eq. (3). It was concluded that method 1 is less expensive than
method 2 based on the breakdown of the cost of each step for

CNCs production. Keep in mind that each extraction and iso-
lation step of CNCs from both methods could have a potential
concern regarding its sustainability towards the environment.

However, future perspectives and integrated processes towards
a cleaner and more sustainable approach can be achieved. For
example, the dewaxing step in method 2 can be used to pro-

duce biodiesel and the black lignin solution can be used for
the generation of energy (Abu-Thabit et al. 2020). Therefore,
by-products produced throughout the entire production stage
can be used for other purposes if the concept of sustainability

is taken into consideration. This can provide a way to properly
utilize residue and waste into value-added products.

4. Conclusion

The novelty of this work relies on the extraction, characteriza-
tion, and comparison of CNCs from local date pits waste

found in Qatar by two different extraction methods, namely
mechanical stirrer and Soxhlet apparatus. Furthermore, acid
hydrolysis by sulfuric acid succeeded in extracting CNCs from

DP. Moreover, method 1 yields better results for purified cel-
lulose with 84% compared to 75.2% obtained by method 2.
Since the obtained CNCs by both methods had similar proper-

ties and SEM/FTIR characteristics, determining the optimum
technique could be due to the cost-effectiveness, energy intake,
and time consumption. Based on that it can be concluded that

the mechanical stirrer technique is more cost-effective and less
time-consuming compared to the Soxhlet apparatus. In the
end, expanding the knowledge in the field of nanocellulose will
help future product developments.
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