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ARTICLE INFO ABSTRACT
Keywords: Extraction of cellulose nanocrystals (CNCs) from agro-residues has received much attention, not
Cellulose nanocrystals extraction only for their unique properties supporting a wide range of potential applications, but also their

Agricultural residues

XPS analysis

Transmission electron microscopy
Acid hydrolysis

Nile rose

limited risk to global climate change. This research was conducted to assess Nile roses (Eichhornia
crassipes) fibers as a natural biomass to extract CNCs through an acid hydrolysis approach. Nile
roses fibers (NRFs) were initially subjected to alkaline (pulping) and bleaching pretreatments.
Microcrystalline cellulose (MCC) was used as control in comparison to Nile rose based samples.
All samples underwent acid hydrolysis process at a mild temperature (45 °C). The impact of
extraction durations ranging from 5 to 30 min on the morphology structure and crystallinity
index of the prepared CNCs was investigated. The prepared CNCs were subjected to various
characterization techniques, namely: X-ray diffraction (XRD), FT-IR analysis, Transmission elec-
tron microscopy (TEM), and X-ray Photoelectron spectroscopy (XPS). The outcomes obtained by
XRD showed that the crystallinity index increased as the duration of acid hydrolysis was pro-
longed up to 10 min, and then decreased, indicating optimal conditions for the dissolution of
amorphous zones of cellulose before eroding the crystallized domains. These data were confirmed
by FT-IR spectroscopy. However, a minor effect of hydrolysis duration on the degree of crystal-
linity was noticed for MCC based samples. TEM images illustrated that a spherical morphology of
CNCs was formed as a result of 30 min acid hydrolysis, highlighting the optimal 20 min acid
hydrolysis to obtain a fibrillar structure. The XPS study demonstrated that the main constituents
of extracted CNCs were carbon and oxygen.

1. Introduction

Due to global warming effects, raising greater environmental attention, biomass and agro-residues became the most valuable
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alternative to address substantial health threat to humanity because of increasing greenhouse gases (GHG) emissions, such as carbon
dioxide, methane and nitrous oxide [1]. These GHG are one of the main contributors to climate change, which according to World
Health Organization (WHO) in 2021 could cause about 250,000 additional deaths per year due to heat stress between 2030 and 2050.
In addition, the accumulation of agro-residues poses disposal problems in landfill zones and causes serious environmental issues if
burned in open air. Nevertheless, agro-residues are considered as lignocellulosic biomass and consist mainly of cellulose, hemi-
celluloses, lignin, besides other organic matters [2,3]. Currently, considerable works [4-6][7] have been conducted on agro-residues
for reducing the risks associated with their disposal, and to promote their use in biofuels, construction, polysaccharide productions,
and animal feed. Also, it was found that pyrolysis of these biomasses can yield biochar, bio-oil and bio-diesel [8]. Nowadays, they are
used as additive or reinforcing material in biopolymers [9-11][12,13]. The aforementioned applications stem from their sustainable,
biodegradable, harmless and low-cost nature [14]. Moreover, they contain a large amount of ash compared to other types of biomass
such as poultry waste and algae [15]. All these features have allowed the use of these biomasses in promising applications such as
renewable energy production [16], food-packaging [17], bio-membranes for protein purification, and other biomedical purposes [18].

Cellulose, considered as a natural polymer, is found in the cell wall of plants and plays a pivotal role in increasing the strength and
rigidity of the cell wall [19,20]. Several processes [21-23] have been conducted on cellulose not only for extracting cellulose nano-
crystals (CNCs), but also to convert it into valuable materials. CNCs are extracted from numerous renewable resources including plants,
but also some animals and algae [24]. Among these resources, Nile Roses or Eichhornia crassipes, which grow on the surface of river
water, are used as a natural resource to extract CNCs in this work. These plants have green leaves, rapid growth and high reproduction
in the freshwater environment. This makes them one of the most invasive and widespread aquatic weeds. In Egypt, Nile roses plants
caused aquatic disasters in the Nile river because of their high water consumption (i.e. ~ 3.5 billion cubic meters per year in Egypt)
[25]. Furthermore, the growth rate of these plants can reach about 220 kg/ha/day under normal climatic conditions [26]. For these
reasons, we attempt in the present work to produce CNCs as value-added materials from Nile roses plants to reduce their hazardous
impact on living organisms in case of water-related disasters.

Numerous methods for extracting CNCs from agro-residues have been reported such as ultrasonic approach, enzymatic hydrolysis,
and acid chemical hydrolysis. The latter is the most well-known and most used because it is easy and rapid for producing CNCs with
high degree of crystallinity, compared to other techniques [27,28]. However, the CNCs obtained by this method have a small crystal
size [29]. The acid hydrolysis process can break the disordered and amorphous parts of cellulose, releasing single crystals. CNCs are
mostly needle-shaped particles with at least one dimension typically equal or less than 10 nm. CNCs are highly crystalline in nature
compared to cellulose itself and may be referred to as cellulose nano-whiskers, nanocrystalline cellulose or cellulose nanocrystals [27,
30]. In some cases, a spherical structure of cellulose nanocrystals can be produced [29]. As CNCs are derived from renewable natural
resources, much attention is being paid to their potential applications because they are abundant, low density, biocompatible,
non-toxic, biodegradable, and the raw material is low-cost [31]. Furthermore, CNCs possess unique properties such as high strength
and stiffness, and barrier behavior. It is noticed from previous literature regarding the acid hydrolysis extraction process that some
parameters such as reaction duration, acid concentration, the nature of the acid and temperature can affect the morphological
structure and properties of CNCs [27,32].

The Current study aims to extract and characterize CNCs obtained from pre-pulped (alkaline treatment) and pre-bleached Nile
Roses fibers (NRFs) by acid hydrolysis with reaction durations ranging from 5 to 30 min at a fixed temperature (i.e. 45°). The impact of
acid hydrolysis durations on the crystallinity and morphology of fabricated CNCs was investigated by techniques such as XRD, TEM
and XPS analysis. Additionally, the functional properties of native, pulped and bleached fibers were characterized by FTIR spec-
troscopy. Similar experiments were also performed with pure microcrystalline cellulose (MCC) for comparison.
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Fig. 1. Extraction processes of cellulose nanocrystals (CNCs) from Nile roses fibers (NRFs).
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2. Materials and experimental techniques
2.1. Materials

Nile roses plants were collected from the branches of the Nile water canals in Beni Suef Governorate, Egypt and dried through solar
dehydration process until reaching constant weight. The dehydration period lasted one month on house roof, followed by further
drying in an oven at 105 °C for 24 h. Sodium hydroxide with a dosage of 98.6% was obtained from Fisher Scientific. It was used for the
pulping treatment of the fibers. Acetic acid with 98% purity and sodium chlorite (NaCLO5, 98.8%), used for the bleaching process after
fiber pulping treatment, were obtained from Sigma-Aldrich, Egypt. Microcrystalline cellulose (MCC, USP) with density of 1.5 g/cm®
was purchased from Avi-Chem Industries, Maharashtra, India and used for comparison with CNCs extracted from NRFs.

2.2. Extraction process of cellulose nanocrystals from NRFs

After complete drying, the Nile rose leaves were cut into small pieces and then ground using a laboratory mill (see Fig. 1). The
pulping process was performed by mixing 100 g of native fiber with 1.750 L of deionized water (DIW) and 20 g of NaOH. The mixture
was heated up to 110 °C for 2 h, and then the fibers were washed thoroughly and dried in an electric oven to a constant weight. The
pulped fibers were subjected to a bleaching treatment, performed by mixing 10 g of pulped fiber with 400 mL of DIW with 1.5 g of
NaCLO;, (sodium chlorite) and 15 mL of acetic acid. Then, they were put in a water bath for 2 h at 100 °C. The bleaching process was
repeated 10 times to obtain perfect white fibers. Both bleached NRFs residues and lab microcrystalline cellulose (MCC) were subjected
to acid hydrolysis by adding 3 g of (bleached NRFs or MCC) to 60 mL of 60% w/v) HSO4 (and heated to 45 °C for 5, 10, 20, and 30 min
under mechanical stirring. The acid hydrolysis reaction was interrupted by quenching in 1200 mL of ice. Subsequently, the resulting
suspension was centrifuged at 4500 rpm for 30 min, simultaneously adding 5% (w/v) NaHCOs until the pH of the suspension reached
7-8. After that, the supernatant was decanted and replaced with DIW. A 50 mL tube was shaken and recentrifuged. The last two steps
were repeated 1-2 times and then the concentrate was stored in glass vials in a laboratory fridge until further investigation was
performed. In order to complete this process, many attempts were made in the preliminary phase; nevertheless, generally in docu-
mented experiments, three experimental repetitions were conducted for all specimens.

2.3. X-ray diffraction analysis

The CNCs extracted from NRFs and MCC with different acid hydrolysis durations were characterized using PANalytical Empyrean
X-ray diffractometer equipped with CuK radiation (30 kV and 10 mA), Netherlands. The diffraction angle varied from 26 = 4° to 90e
with a step size of 0.33°/s. The crystallinity index (CI) was calculated by formula reported elsewhere [33,34], CI = (Ieryst--Tam)/Terysts
where Iys. is the intensity at the maximum of the diffractogram, corresponding to the (2 0 0) peak and I,y is the intensity of the
amorphous valley between (2 0 0) and (1 1 0), around 26 = 18°.

2.4. FT-IR spectroscopy

Transmission mode FT-IR spectra were performed to detect the functional groups of the native fiber and its precursors after
treatment by acid hydrolysis using a Thermo Scientific Nicolet 380, USA FT-IR spectrometer in the spectral range from 4000 to 400
cm™! with a resolution of 4 cm™! and 32 scans per sample. Samples were prepared by pressing 100 mg of dried KBr and 2-3 mg of
powder to obtain a thin disk. Pure KBr disk was used as a reference.

2.5. TEM observations

The morphology and the dimensions of CNCs extracted from NRFs and sourced MCC were investigated using a transmission
electron microscopy (JEOL, Model Jem-1400, Japan) with an accelerating voltage of 200 kV. Part of each sample was firstly dispersed
in DIW and then a diluted droplet was deposited on the surface of a copper observation grid coated with an amorphous carbon film.

2.6. Zeta potential analysis

The investigated CNCs samples were measured using a Zetasizer Ver.7.02, Malvern, UK. All samples were prepared as follows: 0.5
ml CNC sample solution was taken and diluted 100 times using deionized water, followed by dispersed with ultrasonic treatment for
30 min, and dropped into the sample pool. The average was recorded for three measurements.

2.7. X-ray photoelectron spectroscope (XPS)

XPS analysis was used to determine the surface elemental composition of the prepared samples. XPS spectra were collected with K-
Alpha (Thermo Fisher Scientific, USA) with monochromatic X-ray Al K-alpha radiation from 10 to 1350 eV, spot size of 400 pm at
pressure of 9-10 mbar with full spectrum pass energy of 200 eV and narrow spectrum 50 eV. Measurements were performed for
hydrolysis times of 5 min and 30 min, for both cellulose sources. Study scans were conducted from 1350 to 0 eV, while high-resolution
spectra of the O 1s region (525-545) and C 1s region (279-298) were collected with a scan step of 0.1eV.
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3. Results and discussion
3.1. X-ray diffraction

The XRD patterns of the different samples were shown in Fig. 2(a and b). For pulped NRFs (Fig. 2(a)), weak peaks are identified
around 20 = 15° and 22°. After the bleaching process, these peaks were broader and more defined, indicating the removal of non-
cellulosic materials. Bleached samples that were hydrolyzed for different times exhibited the same peaks and a new peak that ap-
pears around 260 = 35°. These peaks were characteristic of cellulose I (native cellulose) and correspond to (101), (200), and (040)
diffraction planes, respectively [35,36]. No alteration of the crystalline structure of cellulose was associated with the bleaching and
acid hydrolysis treatments. The structure-related parameters represented in micro-strain (¢), dislocation density (8), and crystallinity
index (X.) were estimated using equations (1)-(3), respectively [35,37]:

e=pcosO\ 4 (€D

6= 1/Dz 2

X, = {M}x 100 3)
Lo

Where B is the full width at half maximum (FWHM) in radians, D is the average crystallite size in nm, I5oo represents the maximum
intensity of the (200) peak, and I, is the intensity of the amorphous domains determined around 26 = 18°. Table 1 showed the
parameters estimated using the above-mentioned equations. It was observed that the micro-strain and dislocation density both
decreased as the duration of the acid hydrolysis treatment increased. The degree of crystallinity (X¢) was calculated to describe the
amount of crystalline materials in cellulose extraction from NRFs (Fig. 2(a)) and MCC (Fig. 2(b)). It was used to interpret changes in
cellulose structure after physicochemical and biological treatments. It was also found that the crystallinity index increases as the acid
hydrolysis time increases to 10 min, and then started to decrease. An optimal value of crystallinity was therefore associated to a 10
min-acid hydrolysis treatment of NRFs (Fig. 3). On the contrary, for MCC samples, the acid hydrolysis time had a minor effect on the
crystallinity, as illustrated in Fig. 3. The highest degree of crystallinity was achieved for 10 min bleached sample. Moreover, Table 2
summarized the degree of crystallinity results of extracted CNCs-NRFs and other natural lignocellulosic fibers explained in previous
literature. The outcomes of this work exhibited a better crystallinity degree achieved when compared to other literature regardless the
treatment method.

3.2. FT-IR analysis

The functional properties of native, pulped and bleached fibers, as well as bleached fibers subjected to acid hydrolysis for different
durations can be supported using FT-IR spectroscopy in transmission mode within the 4000 to 400 cm™! wavenumber range, as
displayed in Fig. 4(a—c). As depicted in Fig. 4(a), the highlighted absorption peaks for native fiber appearing at ~ 3436 cm™?, 2920
em Y, 1638 em ™!, 1057 em ™, and ~727 em ™, were assigned to —OH stretching, -CH, symmetric, -OH bending, C-O-C vibration in
pyranose ring, and aromatic ring in lignin, respectively [11,29,47,48]. After bleaching the native fibers, the intensity of absorption
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Fig. 2. XRD patterns for (a) pulped, bleached and acid hydrolyzed NRFs with different acid hydrolysis times and (b) MCC samples hydrolyzed for
different durations.
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Table 1
Structural parameters for CNCs-NRFs and CNCs-MCC samples.
Sample name (hkD) d-spacing(i\) € & (nm~?) X, %
5 min CNCs-NRFs (200) 4.05 0.040977 0.051776 65.5
10 min CNCs-NRFs (200) 3.09 0.039222 0.047437 87.6
20 min CNCs-NRFs (200) 3.34 0.03857 0.047408 77.1
30 min CNCs-NRFs (200) 3.35 0.037657 0.044387 67.2
5 min CNCs-MCC (200) 3.95 0.030381 0.030941 70.6
10 min CNCs-MCC (200) 3.96 0.028308 0.025286 69.0
20 min CNCs-MCC (200) 4.02 0.035053 0.038726 73.2
30 min CNCs-MCC (200) 3.90 0.031703 0.032078 73.0
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Fig. 3. Crystallinity index of CNCs-NRFs and CNCs-MCC samples.

Table 2

Degree of crystallinity of extracted CNCs based on treatment method and its comparison with different lignocellulosic sources.
Cellulose sources Treatment method Degree of crystallinity (%) Refs
Eichhornia crassipes Acidic hydrolysis (10 min) 87.60 This work
Water hyacinth Chemical/mechanical processes 76.70 [38]
Soy hulls Acidic hydrolysis (30 min) 73.50 [39]
Water Hyacinth Chemical treatments 78.80 [40]
Sugarcane bagasse Acidic hydrolysis (30 min) 87.50 [41]
Eucalyptus kraft pulp Acidic hydrolysis 82.08 [42]
Eucalyptus kraft pulp Chemical treatments 80.00 [43]
Eucalyptus kraft pulp Chemical treatments N/A [44]
Eucalyptus kraft pulp Acidic hydrolysis N/A [45]
Eucalyptus kraft pulp Acidic hydrolysis 80.60 [46]

peaks of —~OH (stretching and bending) and C-O-C for reduced [34,49,50]. Meanwhile, another prominent feature in the absorption
peak at 727 cm ! which disappeared under the acid treatment time, evidencing that most of hemicelluloses and aromatic skeletal for
lignin were removed significantly [36]. However, it was noticed from Fig. 4(a) that there was no change in the FT-IR spectrum for
pulped fiber when compared to the spectrum of native fiber [51]. Fig. 4(b—c) showed the effect of acid hydrolysis duration ranging
from 5 to 30 min on the functional groups of CNCs extracted from NRFs and MCC. The reduction in the intensity of absorption peaks of
—OH stretching (3436 cm’l), —OH bending (~1640 c¢m 1Y) and C-0-C stretching (1057 em™ D) [52,53] when increasing the duration of
acid hydrolysis illustrates the increase in the amount of CNCs extracted from both cellulose sources.

3.3. TEM analysis

TEM images can provide additional insight into the effect of acid hydrolysis duration on the structure and the size of CNCs extracted
from NRFs and MCC, as shown in Fig. 5. The length and diameter of CNCs for both cellulose sources were listed in Table 3 and

estimated by the Image J program (Aspect ratio = %mi) [54]. For better visualization, each photograph was shown at two
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Fig. 4. FTIR spectra for (a) native, pulped and bleached NRFs, (b) CNCs-based NRFs, and (c) CNCs-based MCC.

magnifications. As can be seen in Fig. 5(a and b), the high magnification images showed that acid hydrolysis of CNCs-NRFs or
CNCs-MCC at 5 min yielded fibril-like clusters in the case of CNCs extracted from NRFs with an average length of about 231 nm and
width of 29 nm, indicating that the fibrous structure was achieved. The CNCs extracted from MCC produced meshed rods-like structure
morphology with an average length of about 205 nm and a width of 24. These outcomes agree with the findings reported elsewhere
[55]. By increasing the acid hydrolysis duration up to 20 min, the average size of extracted CNCs reduced to ~108 nm in length and 20
nm in width for NRFs and ~122 nm in length and 12 nm in width for CNCs-MCC, as depicted in Fig. 5(a and b) and Table 3. This
indicated that increasing the processing time or duration of acid hydrolysis has a significant impact on the yield and the structure of
CNCs in the magnified images. Interestingly, the average size of CNCs, whether extracted from NRFs or MCC, was smaller and
one-dimensional when the acid hydrolysis duration increased to 30 min (Table 3). This indicated that a spherical morphology was
probably formed for both types of CNCs, providing evidence that acid hydrolysis time has a positive impact on CNCs morphology. This
result is consistent with that obtained by XRD patterns. On the other hand, Wulandari et al. [29] reported that the crystalline part of
nanocellulose could be damaged during the acid hydrolysis process, and therefore the crystallinity index decreased. General speaking,
it can be concluded that the size distribution of extracted CNCs was more affected by increasing the duration of acid hydrolysis and the
optimum time was 20 min.

3.4. Zeta potential analysis

The zeta potential was utilized to determine the strength of attractive or repulsion between CNCs nanoparticles which was
considered to be an essential parameter of the characterization of the materials stability in colloidal system [56]. It can be seen from
Fig. 6 that the zeta potential values obtained under all conditions were negative. Moreover, it was found that their values were
decreased with increasing the acidic hydrolysis durations from —32.9 mV to - 41 mV for CNCs-NRFs and from —27.8 mV to —35.5 mV
for CNCs-MCC at 5 and 30 min, respectively. This implies that the higher zeta potential values at lower acidic hydrolysis time, strong
electrostatic repulsion can prevent CNCs particles from getting close, therefore increasing their stability in colloidal system [56].
However, the stability of CNCs particles was affected by the increasing of acid hydrolysis treatment times.
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(a) CNCs-NRFs

Fig. 5. TEM images of CNCs extracted from NRFs (a) and MCC (b) by acid hydrolysis with variable durations ranging from 5 to 30 min.

3.5. XPS analysis

Table 4 showed the results of elemental analysis for 5 min and 30 min acid hydrolysis for CNCs-NRFs and CNCs-MCC samples. It
was found that the 5 min and 30 min acid hydrolysis for CNCs-NRFs, as well as 5 min for CNCs-MCC results in samples containing
approximately 40 at% oxygen and 60 at% carbon. The 30 min acid hydrolysis for CNCs-MCC results in 35 at% and 64% oxygen and
carbon, respectively. However, the 30 min acid hydrolysis for both CNCs investigated demonstrated only negligible background traces
of nitrogen content. The XPS curves of Fig. 7 showed two sharp peaks located at binding energies of about 286.08 eV and 533.08 eV
corresponding to C 1s and O 1s, respectively [57]. Furthermore, it was noticed that the C 1s and O 1s intensities for CNCs-NRFs and
CNCs-MCC increased with the duration of acid hydrolysis, indicating that the morphology of CNCs may be affected. This outcome
agrees with that obtained by XRD and TEM observations. The high-resolution (deconvoluted) spectra of C 1s and O 1s were represented
in Fig. 8(a-h). The deconvoluted Cls XPS spectra of pure cellulose exhibited only two peaks related to the C-O of alcohol and ether
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(b) CNCs-MCC

Table 3

Fig. 5. (continued).

Average size and aspect ratios of CNCs-NRFs and CNCs-MCC obtained from TEM observations.

Heliyon 9 (2023) e16436

Fiber type Acidic hydrolysis duration (min)
5 10 20 30

Average size for CNCs-NRFs, nm Length 230.70 181.91 107.84 9.65

Width 28.94 24.15 19.83

Aspect ratio 7.97 7.53 5.43 -
Average size for CNCs-MCC, nm Length 204.85 155.35 121.90 8.04

Width 24.20 14.93 11.90

Aspect ratio 8.46 10.40 10.24 -
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(a) CNCs from NRFs (b) CNCs from MCC
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Fig. 6. Zeta potential analysis for CNCs-NRFs (a) and CNCs-MCC (b) at 5 and 30 min acidic hydrolysis.

Table 4
XPS related parameters for CNCs extracted from NRFs and MCC.
Specimen name Element Peak B.E, eV FWHM, eV Area, eV Atomic, %
5 min (NRFs) O1s 533.37 3.55 258200.9 41.96
Cls 286.93 4.20 139917.2 58.04
30 min (NRFs) O1s 532.99 3.28 380430.2 38.84
Cls 286.16 4.27 232274.3 60.52
5 min MCC O1s 533.25 3.18 305468.4 40.18
Cls 286.88 3.72 178168.2 59.82
30 min MCC O1s 533.1 3.21 368235.2 35.17
Cls 286.29 4.04 261298.3 63.69
—— 30 min MCC
O1s ——5minMCC
Cis —— 30 min bleached

—— 5min bleached
l. X p— M

Intensity (a.u.)

0 200 400 600 800 1000 1200 1400
Binding energy (eV)

Fig. 7. XPS survey scan for CNCs extracted from NRFs and MCC.

groups and O-C-O for acetal moieties. The XPS analysis of the CNCs-NRFs and CNCs-MCC showed three peaks at ~284, 286, and 287
eV. These peaks were attributed to the C1 carbon bonded to other carbon or hydrogen atom (C-C or C-H), C2 carbon bonded to oxygen
atom (C-O) and C3 carbons attached to two oxygen atoms or a carbonyl group (C—=0O and/or O-C=O0). The C1 peak was mainly
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ascribed to cellulose [58-60]. The amount of extracted cellulose can be quantified from the area under C1 curve. The binding energy
(BE) values, peak area, intensity, and FWHM for all samples were presented in Table 5. It was observed from Table 5, the area under C1
curve increased as the acidic hydrolysis duration of CNCs-NRFs increased, thereby leading to increase the amount of extracted cel-
lulose. The C1 area of both CNCs-NRFs and CNCs-MCC was approximately the same. This confirmed that the acid hydrolysis duration
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Table 5
The BE values, peak area, intensity, and FWHM for all samples.
Specimen name Carbon type Peak BE, eV Intensity CPS Area FWHM
5 min (NRFs) C1 283.63 571 724 1.18
Cc2 284.38 1664 2335 1.29
C3 286.98 1820 5881 2.98
30 min (NRFs) C1 284.08 6726 10330 1.4
Cc2 285.38 1889 2117 1.01
C3 287.08 2419 5236 1.98
5 min MCC C1 284.24 2649 4438 1.54
Cc2 285.98 7523 11527 1.42
C3 287.38 1893 2925 1.42
30 min MCC C1 284.28 6844 10788 1.46
Cc2 285.58 3980 4002 0.93
C3 286.88 3366 8334 2.29

(i.e. 30 min) was sufficient to extract the cellulose. Referring to the amount of the C2 (C-0O), it was observed that the amount the C2
remained approximately constant. This can be explained as follows, by increasing the acid hydrolysis duration, the amount of extracted
cellulose increased. However, when CNCs-MCC sample was subjected to prolonged acid hydrolysis duration, more carbon atoms were
bonded to oxygen atom. For the C3 (C—=0 and/or O-C=O0), the same behavior as C2 was observed. For CNCs-NRFs samples, it was
observed that the C-O signals increase with the acid hydrolysis duration, as depicted in Fig. 6(a—-d) [61,62]. The same behavior was
noticed for CNCs-MCC samples (Fig. 8(e-h)). Consequently, it can be concluded that the predominant components of extracted CNCs
were carbon and oxygen.

4. Conclusions

In this manuscript, renewable cellulose nanocrystals (CNCs) were successfully extracted from Nile roses fibers (Eichhornia crassipes)
considered as agricultural residue recycling by acid hydrolysis approach to be used in a variety of potential applications. Nile roses
fibers (NRFs) were initially subjected to alkaline pulping and bleaching pretreatments, followed by acid hydrolysis ranging between 5
&30 min. Microcrystalline cellulose (MCC) was used as control. The crystallinity index and morphology of CNCs extracted from NRFs
were characterized by various techniques; namely: XRD, FT-IR, TEM, and XPS analysis. The data obtained from XRD indicated that the
highest crystallinity index was observed at acid hydrolysis duration of 10 min, and then started to reduce. FT-IR spectra illustrated that
the intensities of the basic absorption peaks of bleached samples reduced with increasing acid hydrolysis time, proving that most of the
hemicellulose and aromatic skeletal for lignin were removed. Also, TEM visualizations confirmed the fibril structure of CNCs with
different sizes, depending on the acid hydrolysis duration. However, a spherical morphology of the CMCs-derived CNCs was formed
behind 20 min. XPS outcomes showed that the main constituents of extracted CNCs are carbon and oxygen. This work depicts a new
employment for CNCs extracted from agro-residues in promising applications such as bio-membranes for water remediation, food
packaging, and hydrogels for biomedical purposes.
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