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Abstract  This work identifies Pepper (Capsicum 
annuum L) stems residue as a new potential source 
for producing high-quality cellulose nanocrystals 
(CNCs), making a significant contribution to the field 
of natural waste material utilization and sustainabil-
ity. It also compares the properties of CNCs produced 
using two different acids, phosphoric acid and sulfu-
ric acid (CNCPs and CNCSs), providing new insights 
into their properties and polymer reinforcing ability. 
Hence, the as-isolated CNCPs (D = 43 ± 15.11  nm, 
CrI = 84.78%) and CNCSs (D = 31 ± 8.80  nm, 
CrI = 85.41%) were separately dispersed in starch 
at different weight loadings, and their reinforcing 
effects on the chemical, morphological, thermal, 
transparency and mechanical properties of the result-
ing starch-based biocomposite films were discussed. 

Globally, the incorporation of CNCs into starch 
biopolymer improved all these properties due to 
their rather similar polysaccharide structure and thus 
good interfacial interaction. However, the capacity of 
phosphoric acid to produce char made CNCPs effec-
tive flame retardants, thus providing bionanocom-
posite films with better thermal stability than CNCSs 
ones. In counterpart, the negative charge provided by 
the residual sulfate group (SO4

2−) in CNCSs, cou-
pled with their high aspect ratio, high surface areas 
and crystallinity, significantly improves the dispers-
ibility of CNCSs in the ST matrix compared to the 
phosphoric acid-derived CNCs. Hence, adding up 
to 5 wt% CNCSs improved the film’s transparency 
by 25%, stiffness by 196%, and ductility by 169%, 
compared to 11%, 164% and 114%, respectively, 
for CNCPs. Here, this work offers valuable insights 
into the utilization of pepper stems residue and the 
type of acid for CNCs production with outstanding 
characteristics.

Keywords  Cellulose nanocrystals (CNCs) · 
Phosphorylated CNC · Sulphated CNC · Starch 
biopolymer · Bionanocomposite · Mechanical 
properties

Introduction

Biomaterials are attracting more and more attention 
as environmentally friendly and sustainable materials 
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(Ouarhim et al. 2019; Oumayma et al. 2021; Semlali 
Aouragh Hassani et  al. 2022b). Cellulose is consid-
ered to be one of the most important natural resources 
widely used in the production of paper and clothing, 
and is also starting to be used as a reinforcing mate-
rial for bioenergy and composite materials (Espinosa 
et  al. 2013; Semlali Aouragh Hassani et  al. 2021a). 
Since nanoscience emerged, the manufacture of nano-
cellulose has proven to be a primary concern for 
both scientists and industry, as seen by the increase 
of papers and patents in this field. The advancement 
of nanocellulose research is motivated by its promis-
ing properties, including low cost, renewable nature, 
low toxicity, low density, high specific surface area, 
excellent optical transparency, and high mechanical 
properties (Rajinipriya et  al. 2018; Semlali Aouragh 
Hassani et al. 2019b). Nanocellulose can be extracted 
from a variety of sources, including wood, natural fib-
ers (agricultural biomass), marine animals (Ascaris 
suum), algae and fungi, thus their compositions 
depend to a large extent on the source. Nowadays, 
there is considerable interest in the use of agriculture 
waste (cotton stalk, rice straw, pineapple leaf, hemp, 
flax, rice husk, soy pods, potato peel, garlic straw, 
grape skin etc.) as the main feedstock for nanocellu-
lose (Rajinipriya et  al. 2018; Semlali Aouragh Has-
sani et  al. 2020a). There are, however, still several 
untapped valuable cellulose-rich residues generated 
by the agriculture industry that haven’t yet been val-
orized to produce cellulose structures.

Peppers (Capsicum annuum L.) are an important 
vegetable crop commonly consumed worldwide (Abd 
El-Mageed et  al. 2020). The latter, can be of differ-
ent colors (red, green, orange, and yellow) depend-
ing on their ripening stages and capacity to synthe-
size chlorophylls or carotenoids (Anaya-Esparza et al. 
2021). It is well known that the fruit of pepper is 
usually divided into an edible part (pericarp and pla-
centa) and an inedible part (seeds, pericarp and stem). 
The edible part of pepper has been reported to be an 
excellent source of polyphenols, especially flavonoids 
such as quercetin and luteolin, while the inedible 
parts are waste products of pepper processing. They 
have not received much attention (Chen and Kang 
2014; Simonovska et  al. 2016). Therefore, informa-
tion on the extraction of cellulose and its derivatives 
from different parts of pepper and their physicochem-
ical properties is limited (Simonovska et al. 2016). It 
is believed that harvesting of pepper produces a large 

amount of plant residues, i.e., fiber-rich cellulose 
fibers, which are a good source for the extraction of 
new cellulose structures such as cellulose microfibers 
(CMFs), cellulose nanofibers (CNFs) and cellulose 
nanocrystals (CNCs).

Cellulose nanocrystals (CNCs) are attracting 
increasing interest as a possible way to improve the 
properties of biomaterials for a variety of applica-
tions mainly packaging, polymer nanocomposites, 
electronics, construction, cosmetics and biomedical 
purposes (Semlali Aouragh Hassani et  al. 2021b; El 
Bourakadi et al. 2022). CNCs can be extracted from 
native cellulose by controlled hydrolysis with mineral 
acids (Ablouh et al. 2022). This process affords rigid 
rod-like single crystal domains with some desirable 
properties such as high aspect ratio (10–100), large 
specific surface area (~ 250–500 m2/g), low density 
(~ 1.6 g/cm3), high crystallinity (up to 90%), high ten-
sile strength (7.5 GPa) and very high elastic modulus 
(100–140 GPa) (Fortunati et  al. 2015; Kassab et  al. 
2019a). These properties are usually highly dependent 
on the cellulosic source and the chemical treatments 
used to produce them (Fortunati et al. 2015; Semlali 
Aouragh Hassani et al. 2020b). CNCs can be obtained 
mainly by strong acid hydrolysis using sulfuric acid 
or weak acid hydrolysis using phosphoric acid (Sep-
tevani et  al. 2022). The acid hydrolysis process is a 
very well-known procedure that dissolves the amor-
phous part of cellulose, while leaving the crystalline 
part intact (Fortunati et  al. 2015). Mukherjee and 
Woods were the first to use sulfuric acid hydrolysis 
to produce CNCs in 1953. It was found that CNC sur-
faces become negatively charged during the hydroly-
sis process when sulfate groups are introduced via the 
esterification of surface hydroxyl groups. Hence, the 
electrostatic attraction between CNCs caused by even 
small amounts of sulfate groups on their surfaces 
results in a good dispersion and stability of the aque-
ous suspension (Tian et al. 2016). The main disadvan-
tage is that the sulfate groups accelerate the degrada-
tion of cellulose, which reduces the thermal stability 
of the final product, especially at high temperatures 
(Espinosa et  al. 2013). Conversely, the phosphoric 
acid hydrolysis produced phosphorylated CNCs with 
embedded phosphate groups on the surface, result-
ing in colloidal suspension with low dispersibility but 
high thermal stability (Bahloul et al. 2021).

The incorporation of such CNCs with adjustable 
intrinsic properties is expected to enable production 
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of polymeric nanocomposites with tailored thermal, 
mechanical, barrier, and crystallization behavior 
(Dhar et  al. 2016). Among biodegradable polymers, 
starch is the most widely used because of its renew-
ability, abundant availability, low cost, and capac-
ity to disintegrate without leaving harmful residues 
(Punia Bangar et al. 2022). However, despite its great 
commercial potential, starch has some drawbacks in 
terms of thermal, mechanical and barrier properties 
(Tibolla et  al. 2020). Unquestionably, the incorpora-
tion of CNCs in starch polymer is expected to greatly 
enhance its properties due to their good compatibil-
ity and similar structure (Liu et al. 2018). In fact, the 
creation of hydrogen bonds between these two ele-
ments is encouraged by the homogenous dispersion 
of CNCs in the starch matrix. However, the type of 
acid hydrolysis, the CNC variation in aspect ratio 
and content alter the surface area in contact with the 
starch and obstruct the rearrangement of the starch 
chains during film formation (Liu et al. 2018).

We are aware of no publications describing either 
the isolation of pure cellulose nanocrystals from pep-
per agricultural residue or their capacity to reinforce 
starch polymers. The goal of this research is to exam-
ine the pepper stem residue as an unconventional 
renewable source for producing CNCs. The focus 
is to isolate phosphorylated (CNCPs) and sulfated 
(CNCSs) cellulose nanocrystals from newly identi-
fied cellulose-rich source. The physical and chemi-
cal characteristics of the as-produced CNCPs and 
CNCSs were described, and their synergistic impacts 
on the chemical, morphological, thermal, transpar-
ent, and mechanical characteristics of the resulting 
starch-based biocomposite films were assessed and 
discussed.

Materials and methods

Materials

Raw pepper (Capsicum annuum L) stems residue 
(R-PSR) was obtained from a Moroccan farm located 
at Benslimane city and affiliated to Casablanca-Settat 
administrative region. The starch used in this study 
has an average particle size of 45  µm and a density 
of 1.49  g/cm3. It was obtained from underutilized 
potato crops that were bought at a neighborhood mar-
ket in Benguerir. One kilogram of potatoes yielded 

about 80 g of starch, or an 8% yield. The commercial 
starch used for the comparison was purchased from 
sigma-Aldrich. The chemical reagents used were 
phosphoric acid (H3PO4, 85%), sulfuric acid (H2SO4, 
95–97%), sodium hydroxide (NaOH, > 97%), glacial 
acetic acid (CH3COOH, > 99%) and sodium chlorite 
(NaClO2, 80%), and they were purchased from Sigma 
Aldrich. While glycerol (85%) was supplied by VWR. 
All chemical products were used as received without 
modification.

Extraction of pure cellulose microfibers (CMFs)

The procedure developed in our earlier works was 
followed for the extraction of CMFs (Khalili et  al. 
2023; Salim et al. 2023). Accordantly, the as received 
R-PSR fibers were first crushed into a length of 2 cm, 
then ground in a 0.5 mm sieve screen using a preci-
sion grinder and oven-dried for 40 min at 100 °C. The 
obtained fibers were immersed three times in NaOH 
aqueous solution (4 wt%) for 2 h at 80 °C under con-
stant mechanical agitation, to remove partially the 
hemicellulose, lignin, and waxes from the fiber’s cell 
wall’s exterior surface. After the alkaline treatment, 
the fibers were filtered and rinsed with distilled water 
to undergo a bleaching process. The solution used 
in this treatment consisted of equal parts of acetate 
buffer (27  g NaOH and 75  ml glacial acetic acid, 
diluted to 1 L of distilled water) and aqueous sodium 
chlorite (1.7 wt% NaClO2 in water) under atmos-
pheric pressure and constant mechanical agitation for 
2 h at 80 °C. Thereafter, they were filtered and rinsed 
with distilled water until neutralized pH. This treat-
ment was done three times, resulting in pure white 
colored cellulose microfibers (CMFs). The fibers to 
liquor ratio in these treatments was 1/20 (g/mL).

Extraction of phosphorylated and sulfated CNCs

The CNCs were successfully extracted from the as-
extracted cellulose microfibers (CMFs) using two 
different types of acids for hydrolysis (phosphoric 
acid (H3PO4) and sulfuric acid (H2SO4)), as devel-
oped in our previous works (Kassab et  al. 2020c; 
Bahloul et  al. 2021). For acid phosphoric treatment, 
CMFs were stirred in H3PO4 solution (9  mol/L) for 
2 h at 100 °C, while for acid sulfuric treatment, they 
were stirred in H2SO4 solution (64 wt%) at 50 °C for 
30 min. To stop the reaction, the acidic suspensions 
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were diluted with ice cubes and rinsed with succes-
sive cycles of centrifugation (Ultracentrifuge 100NX, 
HITACHI CP-NX series) at 12,000  rpm and 15  °C 
for 15  min to remove the excess acid. To neutralize 
the pH of the acquired products, they were dialyzed 
against distilled water. The obtained aqueous CNCP 
and CNCS suspensions from the hydrolysis of phos-
phoric and sulfuric acids, respectively, were then sub-
jected to a 5-min ultrasonography (BRANSON, Soni-
fier 250) and stored in the refrigerator until use.

Starch Extraction

Starch was extracted from underused potato crops 
and peels as described in the work of Semlali et  al. 
(Semlali Aouragh Hassani et  al. 2022a). The pro-
cess begins with thoroughly washing potato crops to 
remove exterior contamination, followed by peeling 
and cutting them into small pieces to assist blend-
ing, resulting in a slurry that will be filtered through 
a 100 µm sieve and allowed to settle. To enhance the 
starch production, this process was repeated numer-
ous times. The acquired white sediment was dried 
overnight in the oven before being stored for future 
use.

Bionanocomposite films processing

Potato starch films with added as-extracted CNCPs 
and CNCSs were prepared using a solvent casting 
technique, as described in our earlier studies (Kassab 
et al. 2019b; Khalili et al. 2023). Firstly, the prepared 
potato starch was dissolved in distilled water followed 
by the addition of glycerol as plasticizer, hydrochloric 
acid (0.1 M) and sodium hydroxide (0.1 M) to neu-
tralize the mixture for 30 min at 95 °C under mechan-
ical stirring. Simultaneously, suspensions containing 
1, 3 and 5 wt% of CNCPs and CNCSs were ultra-
sonicated for 10  min and mechanically stirred with 
starch solution for 30  min. The obtained solutions 
were then poured into Petri dishes, air-dried at ambi-
ent temperature in a laboratory hood, and oven dry-
ing to evaporate water, resulting in the production of 
bionanocomposite films (referred as ST, ST-CNCPX, 
and ST-CNCSX, respectively, for neat starch film and 
starch composite film containing X = 1, 3 and 5 wt% 
of CNCPs and CNCSs).

Characterization techniques

The morphology of the extracted CMFs and the 
fracture surfaces of the elaborated bionanocoposites 
films was examined using a scanning electron 
microscope (SEM, HIROX SH 4000  M) operated 
at 15 kV. Before imaging, the samples were coated 
with a thin conductive carbon layer using an ion 
sputtering apparatus.

Using atomic force microscopy (AFM, Veeco 
Dimension ICON), the morphology and size 
of the extracted CNCs (CNCPs and CNCSs) 
were assessed. Freshly cleaved mica sheets were 
immersed in diluted CNC suspension and oven 
dried at 60  °C for 15  min. The analysis was car-
ried out in tapping mode, with Veeco Data Analysis 
Software used for image processing and dimension 
calculations.

The functional groups of all the samples were 
identified using Fourier transform infrared spectros-
copy (FTIR, Perkin-Elmer Spectrum 2000) with an 
ATR accessory. The FTIR spectra ranged from 4000 
to 600 cm−1.

On a diffractometer (D2 PHASER diffractometer, 
BRUKER), X-Ray diffractograms of the examined 
samples were obtained. Samples were scanned with 
CuK radiation (λ = 1.54056  Å) in the 2θ range of 
5–50°, at 40 kV and 40 mA in voltage and current, 
respectively. The crystallinity index (CrI) was cal-
culated according to Segal equation:

where I200 is the intensity of the 200-lattice plane 
at around 2θ = 22.8°, and Iam is the minimum in the 
intensity (as shown in Fig.  5) from the amorphous 
phase at approximately 2θ = 18.6° (French and San-
tiago Cintrón 2013).

Thermogravimetric analysis (TGA) was per-
formed using a thermogravimetric analyzer appara-
tus (Discovery TGA, TA instruments) under a nitro-
gen atmosphere (25 mL/min) from 25 to 700 °C at a 
heating rate of 10 °C/min.

Ultraviolet–visible (UV–Vis) spectroscopy 
measurements were taken with a PerkinElmer 
LAMBDA 1050 spectrophotometer to study the 
optical transparency of the bionanocomposite films. 
The film samples were directly inserted in the 

CrI =
I
200

− I
am

I
200

× 100
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spectrophotometer test cell, with air serving as a 
reference. In the wavelength range of 200–800 nm, 
the films’ optical transmittance was measured 
(Fig. 1).

Tensile tests were carried out at room temperature 
using a Universal Testing Machine Texture Analyzer 
(TA.XT plus) with a 5 kN load cell, a crosshead speed 
of 5 mm/min and a gauge length of 30 mm, according 
to ISO 527–5. As a result, the developed films were 
cut into (10 × 50 mm2) samples, and a representative 
value of 5 specimens was recorded.

Results and discussions

Cellulosic fibers characterization

Morphological characteristics

SEM and AFM observations were used to assess the 
impact of mechanical and chemical treatments on the 
morphology, dimensions, and surface characteristics 
of the resulting CMFs, CNCPs and CNCSs materials. 
Figure 2 shows that the as-isolated CMFs had a massy 
filamentous structure and individual microfibers with 
a smoother surface and regular diameter, demon-
strating that all the cementing agents (hemicellulose, 
lignin and other extractives) had been eliminated 
(Bahloul et al. 2021). The average diameter of CMFs 
was determined at approximately 16.40 ± 4.58  μm, 
which is higher than that determined for CMFs 
extracted from Alfa fibers (10 μm) (El Achaby et al. 
2018b), pineapple leaf (4  µm) (Fareez et  al. 2018), 

Fig. 1   Extraction stages 
of cellulose nanocrystals 
(CNCPs and CNCSs)

Fig. 2   SEM images of the 
extracted cellulose micro-
fibers (CMFs)
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Juncus stems (3.5 µm) (Kassab et al. 2020e), Hibiscus 
sabdariffa (10.04 μm) (Sonia and Priya Dasan 2013), 
and nearly equal to that of Hemp (16.96 µm) (Kassab 
et al. 2020a). Conversely, it presents an average diam-
eter much smaller than sisal (287  µm) (Ludueña 
et  al. 2013), cotton (131 µm) (Ludueña et  al. 2013), 
and flax (51 µm) (Ludueña et  al. 2013), and this by 
using the same chemical treatments. According to 
the literature, the purification methods used and the 
original cellulose sources have a significant impact on 
the morphology and diameter of bio-derived CMFs 
(Kassab et al. 2020b; Bahloul et al. 2021).

Unquestionably, it can be deduced that subjecting 
the newly identified R-PSR to conventional alkali and 
bleaching treatments results in an effective removal of 
all non-cellulosic components, and thus to the produc-
tion of individual microsized cellulose fibers. More 
importantly, the obtained individual CMF may be 
suited for acid hydrolysis to dissolve the amorphous 
domains and convert the microscale into nanoscaled 
cellulose fibers. This was done by using two differ-
ent acids for hydrolysis (phosphoric acid and sulfuric 
acid) to produce two types of nanoscaled cellulose 
(CNCPs and CNCSs) with different characteristics 
and different surface functionalities. Therefore, AFM 
observations were employed to assess their size and 

morphological characteristics in height and amplitude 
modes. From Fig.  3, it’s evident that both CNCPs 
and CNCSs were successfully extracted from the 
recently discovered R-PSR, with well-defined needle-
like shaped nanocrystal, uniform diameter, and an 
uneven length. The measured average diameters were 
43 ± 15.11  nm and 31 ± 8.80  nm, respectively for 
CNCPs and CNCSs. The almost identical nanocrystal 
diameters in both cases suggest that the amorphous 
CMFs regions are equally cleaved laterally when 
hydrolyzed with phosphoric acid and sulfuric acid, 
respectively (Bahloul et  al. 2021). However, CNCPs 
present a diameter relatively higher than CMFs hydro-
lyzed with phosphoric acid extracted from mulberry 
bark (25–30  nm) (Rajinipriya et  al. 2018), tomato 
plant residue (6.2 ± 2.4  nm) (Kassab et  al. 2020b), 
and eggplant plant (6.3 ± 2.3 nm), while being almost 
equal to Whatman filter paper (31 ± 14 nm) (Espinosa 
et al. 2013). In counterpart, CNCSs exhibit a diameter 
higher than sugarcane bagasse (5.0 ± 1.1 nm) (Kassab 
et al. 2019a), Alfa fibers (5 ± 3 nm) (El Achaby et al. 
2018b), and Agave tequilana (11 ± 4  nm) (Espino 
et al. 2014). This funding demonstrates how the cellu-
lose source and the hydrolysis processing parameters 
have a significant impact on the dimensions and fea-
tures of CNCs (Rajinipriya et al. 2018).

Fig. 3   AFM images of a 
CNCPs and b CNCSs
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Chemical structure (FTIR)

The chemical composition and surface functionality 
of the isolated cellulose at various phases of treatment 
were analyzed using FTIR spectroscopic method 
and presented in Fig.  4. A cursory examination of 
the newly identified R-PSR reveals the presence 
of cellulose characteristic bands at 3334, 2910 and 
1023 cm−1 assigned to stretching vibrations of hydro-
gen bond O–H, C–H symmetrical stretching, and 
glycosidic ether band C–O–C, respectively (Risite 
et  al. 2022). The band at 1627  cm−1 corresponds to 
the O–H stretching and bending vibrations of the 
adsorbed water (Bahloul et al. 2021). Three peaks at 
1731, 1508, and 1237 cm−1, which are unique to the 
R-PSR spectrum represent C = O stretching vibration, 
C = C vibration of the aromatic skeleton, and C–O 

stretching vibration of acetyl or aryl functional groups 
from hemicellulose and lignin fractions (Risite et al. 
2022). However, the three peaks at 1426, 1366, and 
1312  cm−1 were attributed to cellulose’s CH2 sym-
metric bending, C-O symmetric stretching, and C-H 
bending (Bahloul et al. 2021). The band at 1154 cm−1 
is attributed to the C–O stretching vibration and ano-
meric carbon of b-D-glucopyranosyl of cellulose 
(Kassab et  al. 2019b), while the last peaks at 1105 
and 895 cm−1 referred to the presence of β-glucosidic 
ether linkages (C–O–C) related to the vibration 
modes of anhydro-glucopyranose ring skeleton, and 
to the β-glycosidic linkages between the anhydroglu-
cose rings in the cellulose (El Achaby et al. 2018a).

In the spectrum of CMFs, CNCPs and CNCSs, 
the disappearance of a few peaks associated with the 
presence of lignin and hemicelluloses (1731, 1508 

Fig. 4   FTIR spectra of cel-
lulosic fibers
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and 1237 cm−1) was clearly observed, confirming the 
complete removal of non-cellulosic components after 
bleaching and acid hydrolysis processes, whereas the 
characteristic bands of cellulose were maintained 
(Gan and Chow 2019; Salim et al. 2022a).

Since two distinct acids were employed to isolate 
CNCs, their FTIR spectral bands were compared to 
identify any notable modifications to CNCs’ chemical 
structure due to the substitution of different chemical 
moieties. Thus, subjecting CMFs to acid phosphoric 
treatment led to the appearance of the peak character-
istic of phosphate groups in CNCPs (P–O stretching 
vibration) located between 1275–1225 cm−1. In con-
trast, the sulfuric acid hydrolysis led to the emergence 
of two tiny bands at 1200 cm−1 and 812 cm−1 linked 
to the sulfate groups (C–O–S vibration) injected 
into the surface of CNCs (El Achaby et  al. 2018b; 
Xie et al. 2018). To conclude, the FTIR results con-
firmed the successful extraction of CMFs, CNCPs 
and CNCSs from the newly discovered Raw pepper 
(Capsicum annuum L) stems residue.

Crystalline structure

In order to understand the crystallites’ physical char-
acteristics and determine whether CNCs underwent 
polymorphic or chemical changes during acid hydrol-
ysis treatments, XRD studies were performed (Dhar 
et  al. 2016; Salim et  al. 2022b). Hence, the crystal-
line structure and the crystallinity (determined using 
the Segal equation) described in the studied R-PSR 
and its cellulose derivative mainly CMFs, CNCPs 
and CNCSs were illustrated in Fig.  5. Realistically, 
all samples had the usual cellulose I structure, which 
can be distinguished by the principal crystalline 
peaks at roughly 15.2°, 16.8° and 22.7°, which cor-
respond to the typical reflection planes (1 1 0), (110) 
and (200), respectively (French 2014). This indicates 
that the alkali, bleaching, and different acid hydroly-
sis treatments had no effect on the cellulose compo-
nent’s crystal structure (El Achaby et al. 2018b). As 
it’s well known, cellulose is composed both extremely 
crystalline and disordered amorphous regions. It is 
thought that the increased crystallinity is caused by 
the removal of the disordered amorphous regions dur-
ing extraction methods. Effectively, subjecting the 
starting material R-PSR to alkaline and bleaching 
treatments increased the crystallinity from 62.06% 
to 80.12%, thus confirming the successful partial 

removal of hemicellulose and lignin during chemi-
cal treatments (El Achaby et  al. 2018a; Risite et  al. 
2022).

Chemical hydrolysis occurs when an acid attacks 
the amorphous regions of CMFs and initiates the 
hydrolytic breakage of glycosidic linkages, releas-
ing individual crystallites and immediately increas-
ing the crystallinity of cellulose (Risite et  al. 2022). 
The crystallinity index gradually rose for CNCPs 
and CNCSs, from 80.12% for CMFs to 84.78% and 
85.41%, respectively. These results confirmed that 
the amorphous portions were successively removed 
during acid hydrolysis (Bahloul et  al. 2021; Salim 
et al. 2022c). This conclusion is consistent with FTIR 
analysis, which demonstrated that lignin and hemicel-
lulose molecules were eliminated following the puri-
fication procedures used.

Additionally, it is presumed that the concen-
tration of the used acids (phosphoric and sulfuric 
acids), the temperature of the hydrolysis, the contact 
time, the ratio of cellulosic biomass-to-acid used for 
hydrolysis, and the type of initial biomass chosen 
will all affect the crystallinity of the isolated CNCs 
(Dhar et  al. 2016). Thus, because strong acid can 
more aggressively target the disorder or amorphous 
region than other mild acids, sulfuric acid hydroly-
sis is known as a promising approach to manufacture 
more crystalline CNCs (Septevani et  al. 2022). As 
expected, CNCSs (85.41%) has a relatively high crys-
tallinity than CNCPs (84.78%). Similar results were 
obtained in the study on eggplant plant (Solanum 
melongena L) agricultural residue using a similar 

Fig. 5   XRD patterns of cellulosic fibers
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acid hydrolysis method. It was found that the crys-
tallinity increased from 62% for raw fibers to 71%, 
73%, and 80% for CMFs, phosphorylated CNCs, and 
sulfated CNCs, respectively (Bahloul et  al. 2021). 
Therefore, it was confirmed using XRD measure-
ments that using different hydrolyzing acids did not 
change the original cellulose crystal structure but had 
a substantial impact on the crystal characteristics of 
produced CNCs (Dhar et  al. 2016). More crucially, 
CNCs’ mechanical, thermal, and transparency charac-
teristics are directly correlated with their crystallinity. 
To conclude, the developed highly crystalline CNCs 
could be regarded as effective nanoreinforcements for 
the development of high performant polymer biona-
nocomposite films (Bahloul et al. 2021).

Thermal stability

The degradation behavior and the thermal stability 
of the studied R-PSR and its cellulose derivatives are 
described in Fig. 6. All of the samples’ TGA curves, 
clearly show a minor weight loss at temperatures 
between 60 and 110  °C corresponding to the water 
evaporation, which is related to the hydrophilic nature 
of the cellulosic materials (Gan and Chow 2019). The 
R-PSR was having another two weight loss peaks at 
Tmax1 = 270.75  °C and Tmax2 = 328.05  °C, respec-
tively, after the water evaporation peak with a begin-
ning degradation stage at Tonset = 281.12  °C. Raw 
natural fibers are typically renowned for having lim-
ited thermal stability, which makes it difficult to melt 
and blend them with most thermoplastic polymers 
(Semlali Aouragh Hassani et  al. 2019a). Addition-
ally, lignin, hemicellulose and cellulose were having 
different chemical structures, and these caused them 

to decompose at different temperatures (Gan and 
Chow 2019). The temperature range between 250 and 
300 °C shows the depolymerization of non-cellulosic 
components such as hemicelluloses and lignin. Fur-
ther, it indicates the breakage of the glycosidic bonds. 
Whereas the temperature between 300 and 400  °C 
indicates the degradation of the ɑ-celluloses (Sonia 
and Priya Dasan 2013).

Subjection of the R-PSR to the alkaline and 
bleaching treatment highly increase the thermal sta-
bility (Tonset = 310.23  °C), and the resulting CMFs 
showed one main degradation peak temperature at 
around 353.29  °C. This improved thermal stabil-
ity is due to the removal of non-cellulose and amor-
phous components, which tend to lower the thermal 
stability, thus resulting in increased crystallinity and 
increased intermolecular hydrogen bonding domains 
(Risite et  al. 2022). These results are therefore in 
agreement with the FTIR and XRD analyses. On the 
other hand, the residues left after heating at 600  °C 
were observed to be about 25.72 and 15.60 for R-PSR 
and CMFs, respectively. In fact, it was thought that 
the high levels of lignin and hemicellulose were 
responsible for the raw material’s significant char res-
idue (Sonia and Priya Dasan 2013).

However, the TGA curves of CNCPs and CNCSs 
are relatively similar (Tmax(CNCPs) = 341.90 °C and 
Tmax(CNCSs) = 341.50  °C), showing only a slight 
decrease in thermal stability compared to CMFs 
(353.29  °C). The acid hydrolysis procedures that 
bring phosphate and sulfate groups to the surface of 
the CNCs and reduce their thermal stability may be 
the basis of this behavior (Bahloul et al. 2021). Less 
energy was needed to break down the phosphate or 
sulfate anhydro-glucose unit, which resulted in lower 

Fig. 6   thermal stability of 
cellulosic fibers: a TGA, 
b DTG
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temperatures during the degradation process (Kassab 
et  al. 2020a). Another factor contributing to the 
CNCs’s lesser stability was acid hydrolysis, which 
eliminated the fiber’s amorphous region and reduced 
the particle size, increasing the surface area and low-
ering the thermal degradation temperature. Due to the 
larger surface area of the CNCs, more chain free ends 
were exposed, which encourages degradation at lower 
temperatures (Gan and Chow 2019).

Besides that, both the CNCPs and CNCSs were 
having a higher percentage of remaining char resi-
dues than CMFs at 600  °C. The crystalline area of 
the CNCs, which would function as a charring agent 
at high temperatures, could explain this (Gan and 
Chow 2019; Kassab et al. 2020a). As the amount of 
carbon grows due to this extremely crystalline sec-
tion of the CNCs, char residue is formed. The char 
residue of both CNCPs and CNCSs may be attributed 
to the dehydration mechanism carried out by phos-
phoric acid and sulphuric acid in addition to having 
more crystalline area (Gan and Chow 2019). Both 
phosphoric acid and sulfuric acid would hasten the 
degradation of cellulose by esterifying or catalyzing 
the removal of some of the -OH groups. The elimina-
tion of oxygen in the form of H2O, which results in 
the dehydration process, would make the generation 
of char residue easier in the presence of the H + ion. 
The creation of anhydrocellulose was encouraged by 
this process, and the anhydrocellulose’s decomposi-
tion resulted in the generation of char (Gan and Chow 
2019).

Apart from that, CNCPs have higher char residue 
(21.57%) compared to CNCSs (17.84%) at 600  °C. 
As is well known, phosphorus can act as a flame 
retardant in a variety of phases. In condense phase, 

the phosphorus can make more char which leads to 
the yielding of intumescence. However, in gas phase, 
the phosphorus group is able to inhibit the flame. 
Therefore, it is plausible to conclude from this study 
that the char produced by the phosphate group had 
reduced the cellulose’s exposure to the heat source, 
which can also explain the slight improvement of 
CNCPs thermal stability as compared to CNCSs (Gan 
and Chow 2019).

Chemical and crystalline structure of the extracted 
potato starch

The chemical and crystalline composition of the 
extracted (E-ST) and commercial (C-ST) potato 
starch were compared to demonstrate the starch’s 
successful extraction (Fig.  7). FTIR spectroscopy is 
thought to be a useful method for structural changes 
in starch, such as starch chain conformation, helic-
ity, crystallinity, and retrograde phase, at the molec-
ular level (short order) (Semlali Aouragh Hassani 
et  al. 2022a). This was done primarily to identify 
the extracted starch’s key functional groups and to 
validate the starch’s structural integrity. It is evident 
from comparing the two spectra that they displayed 
essentially identical shapes and peaks, suggesting that 
their chemical structures are similar (Fig. 7a). Thus, 
the main bands at 3290, 2915 and 1648  cm−1 are 
attributed to O–H group in starch skeleton, stretching 
vibration of –CH groups from glucose and H–O–H 
bending vibration of water molecules, respectively 
(Warren et al. 2016; Pozo et al. 2018). Furthermore, 
the three peaks located at 1429, 1145 and 1071 cm−1 
are characteristic of CH2 symmetric deformation, 
C–O–C asymmetric stretching, and C-O stretching, 

Fig. 7   Comparison of the 
extracted and commercial 
potato starches for a chemi-
cal structure by FTIR, and 
b for crystal structure by 
XRD
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respectively (Warren et  al. 2016; Pozo et  al. 2018). 
However, the band 995  cm−1 is attributed to C-O 
stretch vibration in C–O–C groups (characteristic of 
polysaccharides), while the last two low peaks at 922 
and 850 cm−1 were ascribed to C–O–C ring vibration 
in starch (de Azevedo et  al. 2020; Semlali Aouragh 
Hassani et al. 2022a). All of these vibrations demon-
strate that potato starch was successfully extracted, 
whereas the small changes in peak intensity are attrib-
uted to the variation in the moisture content and crys-
tallinity of the extracted potato starch (Semlali Aour-
agh Hassani et al. 2022a). Hence, XRD analysis was 
used to explore the crystallinity and crystalline struc-
ture of the extracted and commercial starches, and the 
results are represented in Fig. 7b. As predicted, both 
starches exhibit the same characteristic peaks (17.22°, 
19.62°, 22.28°, and 24.12°) that corresponds to the 
planes (131), (103), (113), and (132), demonstrating 
that potato starch has a B-type crystalline structure 
(Semlali Aouragh Hassani et  al. 2022a). The small 
difference in the peak intensities can be attributed to 

the extraction process conditions, which can harm the 
starch granules, as well as to variations in the amount 
of water and/or temperature used during the extrac-
tion process (Jagadeesan et  al. 2020). This explana-
tion is in perfect line with the FTIR results.

Chemical structure of bionanocomposite films

FTIR spectroscopy was used to understand the poten-
tial interactions between starch and different acid 
derived CNCs (CNCPs and CNCSs). The IR spec-
trum of neat starch film and nanocomposite films 
with various CNCPs and CNCSs content are shown 
in Fig.  8. As expected, the addition of CNCPs and 
CNCSs demonstrated an insignificant effect on the 
IR spectrum of ST films due to the absence of new 
peaks. All the films exhibited almost the same profile 
and bands, due to the chemical similarities between 
starch and cellulose being both polysaccharides (Bal-
akrishnan et al. 2018). Therefore, it is impossible to 
identify a separate peak for each phase. However, 

Fig. 8   FTIR spectra of the elaborated bionanocomposites films
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with the addition of CNCs, a gradual rise in the 
peak intensity related to the presence of the hydroxyl 
group of the polysaccharide starch and cellulose 
(3290 cm−1) was seen, affirming the strong hydrogen 
bonding between cellulose and starch (Huang et  al. 
2019). Additionally, a deep analysis of the spectrum 
shows that the peaks used to indicate the presence 
of both phosphate and sulphate groups were really 
overlapped with starch molecules’ characteristics 
peaks. Indeed, by increasing CNCP concentration 
up to 5 wt%, the peak related to the phosphate group 
became sharper and shifted from 1238 to 1242 cm−1, 
while with the addition of CNCSs in starch polymer 
the bands associated with sulfate groups (1200 and 
860  cm−1) sharpened (Yadav and Chiu 2019; Septe-
vani et al. 2022). Furthermore, by increasing both of 
CNCPs and CNCSs the peak wavenumber for C-O 
stretching vibrations altered from 995 to 992  cm−1. 

This change indicates that the incorporation of cel-
lulose nanocrystals (CNCPs and CNCSs) into starch 
led to novel interactions, thus suggesting good CNCs/
starch interfacial adhesion (Cao et  al. 2008; Yadav 
and Chiu 2019).

Morphological properties of bionanocomposite films

Scanning Electron Microscopy (SEM) was used to 
observe the fracture surfaces of the elaborated sam-
ples and get some information about the effect of 
CNCs (CNCPs and CNCSs) on the starch morphol-
ogy, as well as their interfacial adhesion. It is evident 
from Fig.  9 that the surface of the starch film was 
homogeneous, smooth, free of cracks, and uniform. 
The smoother surface was most likely caused by the 
continuous glycerol phase and gelatinization of the 
starch granules (Agustin et  al. 2013). However, the 

Fig. 9   SEM micrograph of 
bionanocomposite films at 3 
wt% of CNCPs and CNCSs
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morphology of the bionanocomposite films surface 
became more structured with a rougher surface and 
no discernible cracks when 3 wt% of both CNCPs 
and CNCSs were added, indicating improved starch/
CNCs interfacial adhesion (Kassab et al. 2019b). This 
enhanced compatibility between the two could possi-
bly be attributed to the chemical similarity between 
starch and CNCs (Punia Bangar et al. 2022), as con-
firmed by FTIR analysis. Moreover, the CNCs are 
visible as white domains scattered throughout the 
films’ fractured cross-section. Although the CNCs 
clusters within the ST were not apparent to the naked 
eye, the interaction between the CNCs and the poly-
meric phase may hardly be seen. On the other hand, 
due to the similarities of the CNCPs and CNCSs 
micrographs, it is difficult to determine which treat-
ment (hydrolysis of phosphoric or sulfuric acids) 
gives the best CNCs dispersion and interaction with 
ST. Canigueral et  al. (Cañigueral et  al. 2009) claim 
that the accuracy of SEM is insufficient for accu-
rately determining the dispersion of nanofiller in the 
film because only poor dispersions would be detect-
able using this method. One way to confirm the good 

quality of filler dispersion and interaction with the 
matrix is the enhancement of mechanical proper-
ties (Agustin et  al. 2013). The improvement in the 
mechanical performance is, in fact, largely attributed 
to the CNCs’ superior dispersion and adherence to 
the polymer matrix (Punia Bangar et al. 2022).

Optical transparency of bionanocomposite films

The opacity of the elaborated bionanocomposites 
films plays a significant role in determining their 
quality. It also helps determine which of the two acid 
hydrolysis treatments (phosphoric acid and sulfuric 
acid) will produce a higher-quality film. Thus, the 
light transmittance of all the elaborated samples at 
200–800 nm was studied using UV/Visible light spec-
troscopy and the results are presented in Fig. 10. UV 
radiation has wavelengths between 200 and 380 nm, 
whereas visible light ranges in wavelength from 380 
to 780 nm. Despite having a shorter wavelength than 
visible light, UV radiation has a larger energy and 
accelerates oxidation more than visible light does 
(Tibolla et  al. 2020). All bionanocomposites show 

Fig. 10   a UV–visible 
spectra of ST-CNCP films, 
b UV–visible spectra of 
ST-CNCS films and c Sche-
matic illustration of light 
transmission in ST-CNCP 
and ST-CNCS films
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lesser light transmission than pure starch films across 
the whole spectrum of wavelengths examined. This 
occurs as a result of the fillers blocking the polymer 
matrix’s ability to transmit light. Accordingly, the 
impact of nanosize can result in a uniform disper-
sion and a strong interaction between the nanofibers 
and the polymer matrix, resulting in a highly com-
pact film with reduced light scattering effect (Tibolla 
et  al. 2020; Yuan and Chen 2021). However, it can 
be clearly seen that CNCSs provides bionanocompos-
ite films with better transparency than CNCPs ones 
(Fig. 10a, b). In fact, the light transmission at 650 nm 
decreases from 41% (ST film) to 11% and 25% for 
ST-CNCP5 and ST-CNCS5, respectively. The opac-
ity and lower transparency of CNCP films compared 
to CNCS films can be explained by several factors. A 
common explanation is mainly related to the size of 
the filler. Indeed, the larger the particle size the lesser 
the light transmission due to the scattering of the vis-
ible light (Bodirlau et al. 2013; Kassab et al. 2020d), 
which is further confirmed by the AFM results where 
the particle size of CNCSs (31 ± 8.80 nm) is slightly 
smaller than that of CNCPs (43 ± 15.11  nm). Fur-
thermore, a good dispersion of CNCs in the polymer 
matrix during the casting process has a significant 
impact on the transparency of the film. It has been 
reported that the residual sulfate group (SO4

2−) pro-
vides a negative charge that improves the dispersion 
of CNCs compared to other types of acids (in this 
case phosphoric acid) (Septevani et  al. 2022). Thus, 
the good dispersion of CNCSs in the starch polymer 
increases the transparency of the CNCS bionanocom-
posite films, since the gaps between the fibers are 
reduced and light scattering is prevented. In contrast, 
CNCPs promote fiber aggregation and the formation 
of voids in the film, which leads to greater light scat-
tering and reduced light transmission (as illustrated 
in Fig. 10c) (Septevani et  al. 2022). Finally, crystal-
linity was also reported to affect transparency. CrI of 
CNCSs was higher than CNCPs leading to the higher 
transparency of CNCS bionanocomposite films (Sep-
tevani et al. 2022).

To conclude, the elaborated bionanocomposite 
films are nevertheless regarded as transparent even if 
their opacity was higher than that of neat starch film. 
They exhibit less light transmission, which makes 
them suitable for use as packaging for oxidative prod-
ucts, for instance (Tibolla et al. 2020).

Thermal properties of bionanocomposite films

Thermogravimetric analysis is used to determine the 
impact of crosslinking hydroxyl and ester linkages in 
cellulose extracted using different acids (phosphoric 
acid and sulfuric acid) with that of hydroxyl groups 
in starch on the thermal stability of the elaborated 
bionanocomposite films. Hence, the thermal proper-
ties of the elaborated ST-CNCP and ST-CNCS films 
are shown in Fig.  11. The starch-based films’ ther-
mal degradation process exhibits three main steps of 
reaction (Fig. 11a, b), which are consistent with other 
studies (Bodirlau et  al. 2013; Punia Bangar et  al. 
2022). The first weight loss between 65 and 100 °C 
represented the evolution of light volatiles together 
with an extra removal of bound moisture (Punia Ban-
gar et  al. 2022). The disintegration of the glycerol-
rich phase of starch is responsible for the second 
thermal degradation, which took place between 100 
and 200 °C (Punia Bangar et al. 2022). Finally, when 
heated beyond 200  °C (3rd weight loss), the ther-
mal degradation rate accelerated due to the dramatic 
weight loss, which was caused by the partial disin-
tegration of the starch-rich phase oxidation and the 
cellulose nanoparticles degradation (Bodirlau et  al. 
2013; Punia Bangar et al. 2022).

Regarding the effect of CNCs content on the 
maximum degradation temperature (DTG plots in 
Fig.  11a’,b’), an insignificant shifting towards lower 
temperature values was observed in the elaborated 
bionanocomposite films with respect to the neat ST, 
meaning a good interaction between CNCs and ST 
matrix and/ or a moderate stability of the crystalline 
structure of CNCs (Montero et  al. 2021). However, 
it is evident that the incorporation of CNCPs into ST 
polymer provides bionanocomposite films with better 
thermal stability than ST-CNCS ones. As was previ-
ously explained in the cellulosic fiber’s characteriza-
tion section, the capacity of phosphoric acid to pro-
duce char made them effective flame retardants. Thus, 
the high residual weight of ST-CNCP suggests that 
the ability of CNCPs to form char prevents ST from 
being exposed to heat sources (Gan and Chow 2019). 
Contrarily, the presence of sulfate groups in CNCSs, 
which breakdown at lower temperatures, is respon-
sible for slightly reduced the thermal stability of the 
films (Kassab et  al. 2020a). Finally, the obtained 
TGA/DTG results suggest that the as extracted 
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CNCPs and CNCSs can preserves relatively the bio-
nanocomposite films’ thermal stability.

Mechanical properties of bionanocomposite films

The reinforcing effects of CNCs in various polymeric 
materials have attracted a lot of attention over the 
past decade, and the findings have demonstrated that 
adding nanocrystals generally improved the mechani-
cal properties of bionanocomposites (Li et al. 2014). 
The impact of utilizing two acid-derived CNCs 
(phosphoric acid and sulfuric acid) on the elaborated 
starch-based bionanocomposite films’ tensile proper-
ties is of particular interest in this study. Hence, the 
typical stress–strain curves of the neat ST and its bio-
nanocomposite films, as well as their representative 
young’s modulus, tensile strength and strain at yield 
properties are presented in Fig. 12. The stress–strain 
curves often exhibit two characteristic regions of 
deformation behaviour (Fig.  12a). At low strains 
(the elastic region), the stress increases significantly 
with increasing strain and has a steep gradient, indi-
cating that the chain is resistant to returnable exten-
sion in the elastic region (Cao et  al. 2008; Tabassi 
et  al. 2016). Higher strains (the plastic zone) were 

accompanied by a gradual rise in stress without neck-
ing until the specimen broke. This behavior can be 
explained by the relatively homogeneous structure 
of the obtained bionanocomposite films (Cao et  al. 
2008; Tabassi et al. 2016).

It is common knowledge that the aspect ratio, 
fiber dispersion, and fiber-matrix compatibility of the 
reinforcement all play major roles in the mechanical 
performance of CNC-reinforced bionanocomposite 
films (Cañigueral et  al. 2009). Thus, the observa-
tion of the final composite’s tensile characteristics is 
one way to assess the success of these properties, as 
previously explained in the SEM section. Young’s 
modulus, defined as the slope of the linear elastic 
deformation of the stress–strain curve, is a measure 
of the bionanocomposite ability to conserve mechani-
cal energy during reversible elastic deformation; the 
higher the Young’s modulus, the stiffer the material 
(Semlali Aouragh Hassani et al. 2022a). According to 
Fig. 12b, the elastic modulus of the elaborated films 
had a drastic increase with increasing CNCs load-
ing level. Adding 5 wt% CNCs increase the films 
stiffness by 164% and 196% for ST-5CNCP and ST-
5CNCS, respectively, with respect to neat ST. This 
increase can be associated with the introduction of 

Fig. 11   Thermal properties 
of bionanocomposite films: 
a, b TGA and a’, b’ DTG
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rigid CNCs nanoparticles (100–150 GPa) in the ST 
polymer (El Achaby et al. 2018a). In counterpart, the 
tensile strength represents the maximum stress value 
applied to the material, thus providing information 
about the fiber dispersion/distribution in the polymer, 
as well as their interfacial adhesion (Cañigueral et al. 
2009). In our case, a linear dependence of the tensile 
strength with increasing CNCs content was clearly 
depicts (Fig.  12c). In fact, the addition of 5 wt% 
CNCPs and CNCSs significantly boosted the tensile 
strength of starch-based films by 190% and 245%, 
respectively. This is caused, in part, by the good dis-
persibility of CNCs in the ST matrix. Second, to the 
strong hydrogen bonding between the matrix and the 
reinforcement due to their similar chemical structure, 
thus resulting in effective stress transmission at the 
interface (Huq et al. 2012). This enhancement makes 
CNCs a more effective strengthening agent.

Finally, the strain at break indicates the flexibility 
and stretch of the film, and is determined at the break-
ing point under tensile testing (Tibolla et  al. 2020). 
Generally, the incorporation of CNCs is known to 
improve considerably the young’s modulus and ten-
sile strength; while strongly reducing the film’s strain 
at break even more than the neat polymer due to the 
limited mobility of the polymer chains (Reddy and 

Rhim 2014). Surprisingly, raising CNCs content to 
5% resulted in a 114% and 169% increase in elonga-
tion at break for ST-5CNCP and ST-5CNCS, respec-
tively (Fig. 12d). This high degree of flexibility and 
ductility can be attributed to a synergistic boost from 
the flexible starch matrix, the helical layered structure 
of the CNCs and effective stress transfer via inherent 
strong CNCs/ST interaction, as previously described 
(Solouk et al. 2021).

Apart from that, it’s evident that ST-CNCS biona-
nocomposite films exhibited much higher mechani-
cal performances than ST-CNCP ones. Although the 
strain at break of the starch reinforced with 1 wt% 
CNCPs was found to be somewhat higher than that of 
1 wt% CNCSs, this difference was minimal (less than 
10%) and can be disregarded due to the error bars. 
Hence, the acid derived CNCs were found to have a 
tendency to alter the aspect ratio, morphological size, 
surface properties and degree of hydrogen bonding, 
significantly affecting the dispersion and mechanical 
behavior of the nanocomposites (Dhar et  al. 2016). 
Based on the obtained results a clear correlation 
between the characteristic properties of CNCs and the 
optical transparency properties of ST-CNCs with the 
tensile properties of the bionanocomposite films can 
be found.

Fig. 12   Mechanical prop-
erties of bionanocompos-
ites films. a Stress–strain 
curves, b Young’s modulus, 
c Tensile strength, and d 
Strain at break
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Indeed, as explained in the optical transparency 
section, the negative charge provided by the residual 
sulfate group (SO4

2−), coupled with the presence of 
a high degree of intermolecular hydrogen bonding, 
leads to a significant improvement in the dispersion 
of CNCS in the ST matrix compared to the phos-
phoric acid-derived CNCs. This improved interaction 
is expected to effectively transfer the elastic modu-
lus of CNCSs to ST and significantly improve the 
mechanical properties of the developed bionanocom-
posite films (Dhar et al. 2016; Septevani et al. 2022). 
On the other hand, the high aspect ratio, high surface 
areas and crystallinity of CNCSs compared to CNCPs 
also greatly contribute to higher reinforcement effi-
ciency resulting in improved stress transfer from 
CNCSs to the ST matrix (Li et al. 2014). To conclude 
from these very important results, CNCs produced 
from newly discovered Raw pepper (Capsicum ann-
uum L) stems residue provides a significant reinforc-
ing impact on the tensile properties of the resulting 
bionanocomposite films.

Conclusion

In this study, phosphorylated (CNCPs) and sul-
fated (CNCSs) cellulose nanocrystals were suc-
cessfully isolated from the newly identified pepper 
stems residue (Capsicum annuum L) as an uncon-
ventional cellulose-rich source. Firstly, cellulose 
microfibers (CMFs) with an average diameter of 
16.40 ± 4.58  μm and crystallinity index of 80.12% 
were successfully produced using the conventional 
alkaline and beaching treatments. Subjecting the 
as-extracted CMFs to phosphoric and sulfuric acid 
hydrolysis treatment resulted in needle-like shaped 
nanocrystals (CNCPs and CNCSs) with a low diam-
eter (43 ± 15.11  nm and 31 ± 8.80  nm), high crys-
tallinity (84.78% and 85.41%) and relatively good 
maximum degradation temperature (341.90  °C and 
341.50  °C°), respectively. Thereafter, the as-iso-
lated CNCPs and CNCSs were separately dispersed 
in starch biopolymer (extracted manually from pota-
toes) at different weight loadings (1, 3 and 5 wt%), 
and their reinforcing effects on the chemical, mor-
phological, thermal, transparency and mechanical 
properties of the resulted starch-based bionano-
composite films were investigated. According to the 
chemical structural study, the addition of CNCs to 

starch resulted in novel interactions indicating good 
interfacial adhesion. Remarkably, the SEM analy-
sis scarcely shows any evidence of this interaction. 
In our instance, SEM’s accuracy is insufficient to 
accurately evaluate the dispersion of nanofiller in 
the film, thus the improvement of transparency and 
mechanical characteristics of the developed films 
is the only approach to confirm the high quality of 
filler dispersion and interaction with the matrix. 
Globally, the incorporation of CNCs into starch 
biopolymer caused a substantial enhancement of 
these properties due to their rather similar polysac-
charide structure and thus good interfacial interac-
tion. However, the high aspect ratio, surface areas, 
and crystallinity of CNCSs, along with the nega-
tive charge provided by the residual sulfate group 
(SO4

2−), resulting in a significant improvement 
in the dispersibility of CNCSs in the ST, leading 
to better transparency and mechanical properties 
compared to ST-CNCP films. This enhanced trans-
parency can be seen in the decrease in light trans-
mission (650  nm) from 41% (ST film) to 11% and 
25%, respectively, for ST-CNCP5 and ST-CNCS5. 
While in term of mechanical properties, by adding 
5 wt% CNCSs the films’ rigidity, strength, and duc-
tility are all increased by 164%, 190%, and 114%, 
respectively, as opposed to 196%, 245%, and 169% 
for ST-5CNCP, respectively, over neat ST. Con-
versely, the incorporation of CNCPs into ST poly-
mer provides bionanocomposite films with better 
thermal stability than ST-CNCS ones. Apparently, 
the ability of phosphoric acid to generate char is 
effective as a flame retardant. The findings of this 
study are crucial for the right selection of cellulose 
nanocrystals as polymer composite reinforcements 
with outstanding moderated properties for diverse 
application.

Acknowledgments  The financial assistance of the Office 
Chérifien des Phosphates (OCP S.A.) in the Moroccan King-
dom toward this research is hereby acknowledged.

Author contributions  All authors contributed to the writing 
of the manuscript and approved the final version.

Funding  The authors affirm that no funding agency in the 
public, commercial, or nonprofit sectors has given them a spe-
cific grant.

Data Availability  The article contains all the information 
necessary to understand the findings of this investigation.



5068	 Cellulose (2023) 30:5051–5070

1 3
Vol:. (1234567890)

Declarations 

Conflict of interest  The authors declare that they have no 
known competing financial interests. The manuscript has not 
been published elsewhere and that it has not been submitted si-
multaneously for publication elsewhere.

Consent for publication  The authors give the publisher per-
mission to publish the work.

Ethical approval  The article does not include human partici-
pants and/or animals research.

Informed consent  Informed consent was obtained from all 
participants.

References

Abd El-Mageed TA, Rady MM, Taha RS et al (2020) Effects 
of integrated use of residual sulfur-enhanced biochar with 
effective microorganisms on soil properties, plant growth 
and short-term productivity of Capsicum annuum under 
salt stress. Sci Hortic 261:108930. https://​doi.​org/​10.​
1016/j.​scien​ta.​2019.​108930

Ablouh EH, Kassab Z, Semlali Aouragh Hassani FZ et  al 
(2022) Phosphorylated cellulose paper as highly efficient 
adsorbent for cadmium heavy metal ion removal in aque-
ous solutions. RSC Adv 12:1084–1094. https://​doi.​org/​10.​
1039/​d1ra0​8060a

Agustin MB, Ahmmad B, De Leon ERP et  al (2013) Starch-
based biocomposite films reinforced with cellulose 
nanocrystals from garlic stalks. Polym Compos 34:1325–
1332. https://​doi.​org/​10.​1002/​pc.​22546

Anaya-Esparza LM, de la Mora ZV, Vázquez-Paulino O et  al 
(2021) Bell peppers (Capsicum annum l.) losses and 
wastes: Source for food and pharmaceutical applications. 
Molecules 26:1–23. https://​doi.​org/​10.​3390/​molec​ules2​
61753​41

Bahloul A, Kassab Z, El Bouchti M et  al (2021) Micro- and 
nano-structures of cellulose from eggplant plant (Sola-
num melongena L) agricultural residue. Carbohydr Polym 
253:117311. https://​doi.​org/​10.​1016/j.​carbp​ol.​2020.​
117311

Balakrishnan P, Gopi S, Sreekala MS, Thomas S (2018) UV 
resistant transparent bionanocomposite films based on 
potato starch/cellulose for sustainable packaging. Starch/
staerke 70:1–34. https://​doi.​org/​10.​1002/​star.​20170​0139

Bodirlau R, Teaca CA, Spiridon I (2013) Influence of natu-
ral fillers on the properties of starch-based biocomposite 
films. Compos Part B Eng 44:575–583. https://​doi.​org/​10.​
1016/j.​compo​sitesb.​2012.​02.​039

El Bourakadi K, Semlali Aouragh Hassani FZ, El Achaby M, 
et al (2022) Packaging and bionanocomposites. In: Biona-
nocomposites for Food Packaging Applications

Cañigueral N, Vilaseca F, Méndez JA et al (2009) Behavior of 
biocomposite materials from flax strands and starch-based 
biopolymer. Chem Eng Sci 64:2651–2658. https://​doi.​org/​
10.​1016/j.​ces.​2009.​02.​006

Cao X, Chen Y, Chang PR et  al (2008) Starch-based nano-
composites reinforced with flax cellulose nanocrystals. 
Express Polym Lett 2:502–510. https://​doi.​org/​10.​3144/​
expre​sspol​ymlett.​2008.​60

Chen L, Kang YH (2014) In vitro inhibitory potential against 
key enzymes relevant for hyperglycemia and hyperten-
sion of red pepper (Capsicum Annuum L.) including 
pericarp, placenta, and stalk. J Food Biochem 38:300–
306. https://​doi.​org/​10.​1111/​jfbc.​12048

de Azevedo LC, Rovani S, Santos JJ et al (2020) Biodegrad-
able films derived from corn and potato starch and study 
of the effect of silicate extracted from sugarcane waste 
ash. ACS Appl Polym Mater 2:2160–2169. https://​doi.​
org/​10.​1021/​acsapm.​0c001​24

Dhar P, Bhasney SM, Kumar A, Katiyar V (2016) Acid 
functionalized cellulose nanocrystals and its effect on 
mechanical, thermal, crystallization and surfaces prop-
erties of poly (lactic acid) bionanocomposites films: a 
comprehensive study. Polymer 101:75–92. https://​doi.​
org/​10.​1016/j.​polym​er.​2016.​08.​028

El Achaby M, Kassab Z, Aboulkas A et al (2018a) Reuse of 
red algae waste for the production of cellulose nanocrys-
tals and its application in polymer nanocomposites. Int J 
Biol Macromol 106:681–691. https://​doi.​org/​10.​1016/j.​
ijbio​mac.​2017.​08.​067

El Achaby M, Kassab Z, Barakat A, Aboulkas A (2018b) 
Alfa fibers as viable sustainable source for cellulose 
nanocrystals extraction: application for improving the 
tensile properties of biopolymer nanocomposite films. 
Ind Crops Prod 112:499–510. https://​doi.​org/​10.​1016/j.​
indcr​op.​2017.​12.​049

Espino E, Cakir M, Domenek S et  al (2014) Isolation and 
characterization of cellulose nanocrystals from indus-
trial by-products of Agave tequilana and barley. Ind 
Crops Prod 62:552–559. https://​doi.​org/​10.​1016/j.​indcr​
op.​2014.​09.​017

Espinosa SC, Kuhnt T, Foster EJ, Weder C (2013) Isolation 
of thermally stable cellulose nanocrystals by phosphoric 
acid hydrolysis. Biomacromol 8:187–203. https://​doi.​
org/​10.​32604/​jrm.​2020.​07940

Fareez IM, Ibrahim NA, Wan Yaacob WMH et  al (2018) 
Characteristics of cellulose extracted from Josapine 
pineapple leaf fibre after alkali treatment followed by 
extensive bleaching. Cellulose 25:4407–4421. https://​
doi.​org/​10.​1007/​s10570-​018-​1878-0

Fortunati E, Luzi F, Puglia D et al (2015) Processing of PLA 
nanocomposites with cellulose nanocrystals extracted 
from Posidonia oceanica waste: innovative reuse of 
coastal plant. Ind Crops Prod 67:439–447. https://​doi.​
org/​10.​1016/j.​indcr​op.​2015.​01.​075

French AD (2014) Idealized powder diffraction patterns for 
cellulose polymorphs. Cellulose 21:885–896. https://​
doi.​org/​10.​1007/​s10570-​013-​0030-4

French AD, Santiago Cintrón M (2013) Cellulose poly-
morphy, crystallite size, and the Segal Crystallinity 
Index. Cellulose 20:583–588. https://​doi.​org/​10.​1007/​
s10570-​012-​9833-y

Gan I, Chow WS (2019) Synthesis of phosphoric acid-
treated sugarcane bagasse cellulose nanocrystal and its 
thermal properties enhancement for poly(lactic acid) 

https://doi.org/10.1016/j.scienta.2019.108930
https://doi.org/10.1016/j.scienta.2019.108930
https://doi.org/10.1039/d1ra08060a
https://doi.org/10.1039/d1ra08060a
https://doi.org/10.1002/pc.22546
https://doi.org/10.3390/molecules26175341
https://doi.org/10.3390/molecules26175341
https://doi.org/10.1016/j.carbpol.2020.117311
https://doi.org/10.1016/j.carbpol.2020.117311
https://doi.org/10.1002/star.201700139
https://doi.org/10.1016/j.compositesb.2012.02.039
https://doi.org/10.1016/j.compositesb.2012.02.039
https://doi.org/10.1016/j.ces.2009.02.006
https://doi.org/10.1016/j.ces.2009.02.006
https://doi.org/10.3144/expresspolymlett.2008.60
https://doi.org/10.3144/expresspolymlett.2008.60
https://doi.org/10.1111/jfbc.12048
https://doi.org/10.1021/acsapm.0c00124
https://doi.org/10.1021/acsapm.0c00124
https://doi.org/10.1016/j.polymer.2016.08.028
https://doi.org/10.1016/j.polymer.2016.08.028
https://doi.org/10.1016/j.ijbiomac.2017.08.067
https://doi.org/10.1016/j.ijbiomac.2017.08.067
https://doi.org/10.1016/j.indcrop.2017.12.049
https://doi.org/10.1016/j.indcrop.2017.12.049
https://doi.org/10.1016/j.indcrop.2014.09.017
https://doi.org/10.1016/j.indcrop.2014.09.017
https://doi.org/10.32604/jrm.2020.07940
https://doi.org/10.32604/jrm.2020.07940
https://doi.org/10.1007/s10570-018-1878-0
https://doi.org/10.1007/s10570-018-1878-0
https://doi.org/10.1016/j.indcrop.2015.01.075
https://doi.org/10.1016/j.indcrop.2015.01.075
https://doi.org/10.1007/s10570-013-0030-4
https://doi.org/10.1007/s10570-013-0030-4
https://doi.org/10.1007/s10570-012-9833-y
https://doi.org/10.1007/s10570-012-9833-y


5069Cellulose (2023) 30:5051–5070	

1 3
Vol.: (0123456789)

nanocomposites. J Thermoplast Compos Mater 32:619–
634. https://​doi.​org/​10.​1177/​08927​05718​772866

Huang L, Xu H, Zhao H et  al (2019) Properties of thermo-
plastic starch films reinforced with modified cellulose 
nanocrystals obtained from cassava residues. New J Chem 
43:14883–14891. https://​doi.​org/​10.​1039/​c9nj0​2623a

Huq T, Salmieri S, Khan A et al (2012) Nanocrystalline cellu-
lose (NCC) reinforced alginate based biodegradable nano-
composite film. Carbohydr Polym 90:1757–1763. https://​
doi.​org/​10.​1016/j.​carbp​ol.​2012.​07.​065

Jagadeesan S, Govindaraju I, Mazumder N (2020) An Insight 
into the ultrastructural and physiochemical characteriza-
tion of potato starch: a review. Am J Potato Res 97:464–
476. https://​doi.​org/​10.​1007/​s12230-​020-​09798-w

Kassab Z, Aziz F, Hannache H et al (2019a) Improved mechan-
ical properties of k-carrageenan-based nanocomposite 
films reinforced with cellulose nanocrystals. Int J Biol 
Macromol 123:1248–1256. https://​doi.​org/​10.​1016/j.​ijbio​
mac.​2018.​12.​030

Kassab Z, Boujemaoui A, Ben Youcef H et  al (2019b) Pro-
duction of cellulose nanofibrils from alfa fibers and its 
nanoreinforcement potential in polymer nanocompos-
ites. Cellulose 26:9567–9581. https://​doi.​org/​10.​1007/​
s10570-​019-​02767-5

Kassab Z, Abdellaoui Y, Salim MH et al (2020a) Micro- and 
nano-celluloses derived from hemp stalks and their effect 
as polymer reinforcing materials. Carbohydr Polym 
245:116506. https://​doi.​org/​10.​1016/j.​carbp​ol.​2020.​
116506

Kassab Z, Kassem I, Hannache H et al (2020b) Tomato plant 
residue as new renewable source for cellulose production: 
extraction of cellulose nanocrystals with different surface 
functionalities. Cellulose 27:4287–4303. https://​doi.​org/​
10.​1007/​s10570-​020-​03097-7

Kassab Z, Kassem I, Hannache H, Bouhfid R (2020c) Tomato 
plant residue as new renewable source for cellulose pro-
duction : extraction of cellulose nanocrystals with differ-
ent surface functionalities. Cellulose. https://​doi.​org/​10.​
1007/​s10570-​020-​03097-7

Kassab Z, Mansouri S, Tamraoui Y et  al (2020d) Identifying 
Juncus plant as viable source for the production of micro- 
and nano-cellulose fibers: Application for PVA compos-
ite materials development. Ind Crops Prod 144:112035. 
https://​doi.​org/​10.​1016/j.​indcr​op.​2019.​112035

Kassab Z, Syafri E, Tamraoui Y et al (2020e) Characteristics of 
sulfated and carboxylated cellulose nanocrystals extracted 
from Juncus plant stems. Int J Biol Macromol 154:1419–
1425. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2019.​11.​023

Khalili H, Bahloul A, Ablouh E et  al (2023) Starch biocom-
posites based on cellulose microfibers and nanocrystals 
extracted from alfa fibers (Stipa tenacissima). Int J Biol 
Macromol 226:345–356. https://​doi.​org/​10.​1016/j.​ijbio​
mac.​2022.​11.​313

Li W, Guo R, Lan Y et  al (2014) Preparation and properties 
of cellulose nanocrystals reinforced collagen composite 
films. J Biomed Mater Res Part A 102:1131–1139. https://​
doi.​org/​10.​1002/​jbm.a.​34792

Liu S, Li X, Chen L et al (2018) Tunable d -limonene perme-
ability in starch-based nanocomposite films reinforced by 
cellulose nanocrystals. J Agric Food Chem 66:979–987. 
https://​doi.​org/​10.​1021/​acs.​jafc.​7b054​57

Ludueña LN, Vecchio A, Stefani PM, Alvarez VA (2013) 
Extraction of cellulose nanowhiskers from natural fib-
ers and agricultural byproducts. Fibers Polym 14:1118–
1127. https://​doi.​org/​10.​1007/​s12221-​013-​1118-z

Montero B, Rico M, Barral L et  al (2021) Preparation and 
characterization of bionanocomposite films based on 
wheat starch and reinforced with cellulose nanocrys-
tals. Cellulose 28:7781–7793. https://​doi.​org/​10.​1007/​
s10570-​021-​04017-z

Ouarhim W, Semlali Aouragh Hassani F, Qaiss A, Bouhfid R 
(2019) Rheology of polymer nanocomposites. In: Sabu 
Thomas, Sarathchandran, C. Nithin Chandran. Rheology 
of Polymer Blends and Nanocomposites Theory, Mod-
elling and Applications. Elsevier, 1st Edition. pp 73–96

Oumayma M, Hassani FSA, El M et  al (2021) Elaboration 
of a composite material based on plaster reinforced with 
phase change material/Oakum Fiber : physical, thermal 
and mechanical properties. J Energy Storage 35:1–10. 
https://​doi.​org/​10.​1016/j.​est.​2021.​102321

Pozo C, Rodríguez-Llamazares S, Bouza R et  al (2018) 
Study of the structural order of native starch granules 
using combined FTIR and XRD analysis. J Polym Res. 
https://​doi.​org/​10.​1007/​s10965-​018-​1651-y

Punia Bangar S, Whiteside WS, Dunno KD et  al (2022) 
Starch-based bio-nanocomposites films reinforced with 
cellulosic nanocrystals extracted from Kudzu (Puer-
aria montana) vine. Int J Biol Macromol 203:350–360. 
https://​doi.​org/​10.​1016/j.​ijbio​mac.​2022.​01.​133

Rajinipriya M, Nagalakshmaiah M, Robert M, Elkoun S 
(2018) Importance of agricultural and industrial waste 
in the field of Nanocellulose and recent industrial devel-
opments of wood based Nanocellulose: a review. ACS 
Sustain Chem Eng 6:2807–2828. https://​doi.​org/​10.​
1021/​acssu​schem​eng.​7b034​37

Reddy JP, Rhim JW (2014) Characterization of bionanocom-
posite films prepared with agar and paper-mulberry pulp 
nanocellulose. Carbohydr Polym 110:480–488. https://​
doi.​org/​10.​1016/j.​carbp​ol.​2014.​04.​056

Risite H, Salim MH, Oudinot BT et  al (2022) Artemisia 
annua stems a new sustainable source for cellulosic 
materials: production and characterization of cellu-
lose microfibers and nanocrystals. Waste and Biomass 
Valorization 13:2411–2423. https://​doi.​org/​10.​1007/​
s12649-​021-​01658-w

Salim MH, Kassab Z, Abdellaoui Y et al (2022a) Exploration 
of multifunctional properties of garlic skin derived cel-
lulose nanocrystals and extracts incorporated chitosan 
biocomposite films for active packaging application. 
Int J Biol Macromol 210:639–653. https://​doi.​org/​10.​
1016/j.​ijbio​mac.​2022.​04.​220

Salim MH, Youness A, Ait Benhamou A et al (2022c) Influ-
ence of cellulose nanocrystals from pea pod waste on 
mechanical, thermal, biodegradability, and barrier prop-
erties of chitosan-based films. Cellulose. https://​doi.​org/​
10.​1007/​S10570-​022-​04587-6

Salim MH, Kassab Z, Ablouh E et al (2023) Cellulosic bio-
composite foam papers impregnated by crosslinked 
starch /poly (vinyl alcohol) biopolymers. Ind Crop Prod 
192:116074. https://​doi.​org/​10.​1016/j.​indcr​op.​2022.​
116074

https://doi.org/10.1177/0892705718772866
https://doi.org/10.1039/c9nj02623a
https://doi.org/10.1016/j.carbpol.2012.07.065
https://doi.org/10.1016/j.carbpol.2012.07.065
https://doi.org/10.1007/s12230-020-09798-w
https://doi.org/10.1016/j.ijbiomac.2018.12.030
https://doi.org/10.1016/j.ijbiomac.2018.12.030
https://doi.org/10.1007/s10570-019-02767-5
https://doi.org/10.1007/s10570-019-02767-5
https://doi.org/10.1016/j.carbpol.2020.116506
https://doi.org/10.1016/j.carbpol.2020.116506
https://doi.org/10.1007/s10570-020-03097-7
https://doi.org/10.1007/s10570-020-03097-7
https://doi.org/10.1007/s10570-020-03097-7
https://doi.org/10.1007/s10570-020-03097-7
https://doi.org/10.1016/j.indcrop.2019.112035
https://doi.org/10.1016/j.ijbiomac.2019.11.023
https://doi.org/10.1016/j.ijbiomac.2022.11.313
https://doi.org/10.1016/j.ijbiomac.2022.11.313
https://doi.org/10.1002/jbm.a.34792
https://doi.org/10.1002/jbm.a.34792
https://doi.org/10.1021/acs.jafc.7b05457
https://doi.org/10.1007/s12221-013-1118-z
https://doi.org/10.1007/s10570-021-04017-z
https://doi.org/10.1007/s10570-021-04017-z
https://doi.org/10.1016/j.est.2021.102321
https://doi.org/10.1007/s10965-018-1651-y
https://doi.org/10.1016/j.ijbiomac.2022.01.133
https://doi.org/10.1021/acssuschemeng.7b03437
https://doi.org/10.1021/acssuschemeng.7b03437
https://doi.org/10.1016/j.carbpol.2014.04.056
https://doi.org/10.1016/j.carbpol.2014.04.056
https://doi.org/10.1007/s12649-021-01658-w
https://doi.org/10.1007/s12649-021-01658-w
https://doi.org/10.1016/j.ijbiomac.2022.04.220
https://doi.org/10.1016/j.ijbiomac.2022.04.220
https://doi.org/10.1007/S10570-022-04587-6
https://doi.org/10.1007/S10570-022-04587-6
https://doi.org/10.1016/j.indcrop.2022.116074
https://doi.org/10.1016/j.indcrop.2022.116074


5070	 Cellulose (2023) 30:5051–5070

1 3
Vol:. (1234567890)

Salim MH, Kassab Z, Ablouh E-H, et  al (2022b) Alfa fibers, 
their composites and applications. In: Plant Fibers, their 
Composites, and Applications. Woodhead Publishing, pp 
51–74

Semlali Aouragh Hassani F, Ouarhim W, Raji M et al (2019a) 
N-silylated benzothiazolium dye as a coupling agent 
for polylactic acid/date palm Fiber bio-composites. J 
Polym Environ 27:2974–2987. https://​doi.​org/​10.​1007/​
s10924-​019-​01585-x

Semlali Aouragh Hassani F, Ouarhim W, Zari N et al (2019b) 
Injection molding of short coir fiber polypropylene bio-
composites: prediction of the mold filling phase. Polym 
Compos 40:4042–4055

Semlali Aouragh Hassani F, El Achaby M, Bensalah MO et al 
(2020a) Injection molding of short fiber thermoplastic 
bio-composites: prediction of the fiber orientation. J Com-
pos Mater 54:1–11

Semlali Aouragh Hassani F, Salim MH, Kassab Z et al (2022a) 
Crosslinked starch-coated cellulosic papers as alterna-
tive food-packaging materials. RSC Adv 12:8536–8546. 
https://​doi.​org/​10.​1039/​d2ra0​0536k

Semlali Aouragh Hassani F, Chakchak H, El Achaby M, et al 
(2020b) Date palm fiber composites. In: Midani M, Saba 
N, Alothman OY (Eds) Date palm fiber composites: pro-
cessing, properties and applications, 1st Edn. Springer, pp 
75–91

Semlali Aouragh Hassani F, Ouarhim W, Kassab Z, et  al 
(2021a) Mechanical characterization of cellulose nanopar-
ticle-based advanced materials. In: Thakur VK, Frollini E, 
Scott J (Eds) Cellulose nanoparticles: volume 2: synthesis 
and manufacturing. pp 298–322

Semlali Aouragh Hassani FZ, Kassab Z, Achaby M El, et  al 
(2021b) Mechanical modeling of hybrid nanocomposites 
based on cellulose nanocrystals/nanofibrils and nanopar-
ticles. In: Cellulose Nanocrystal/Nanoparticles Hybrid 
Nanocomposites. pp 247–270

Semlali Aouragh Hassani FZ, El Achaby M, Qaiss A el kacem, 
Bouhfid R (2022b) Modeling of natural fiber-based bio-
composites. In: Handbook of bioplastics and biocompos-
ites engineering applications, 2nd Edn.

Septevani AA, Burhani D, Sampora Y et  al (2022) A sys-
tematic study on the fabrication of transparent nanopa-
per based on controlled cellulose nanostructure from oil 
palm empty fruit bunch. J Polym Environ 30:3901–3913. 
https://​doi.​org/​10.​1007/​s10924-​022-​02484-4

Simonovska J, Škerget M, Knez Ž et al (2016) Physicochemi-
cal characterization and bioactive compounds of stalk 
from hot fruits of capsicum annuum L. Maced J Chem 
Chem Eng 35:199–208

Solouk A, Xu K, Zhang Y et al (2021) Natural cuticle-inspired 
chitin / silk fibroin / cellulose nanocrystal biocom-
posite films : fabrication and characterization Natural 

cuticle-inspired chitin / silk fi broin / cellulose nanocrystal 
biocomposite films : fabrication and characterization

Sonia A, Priya Dasan K (2013) Chemical, morphology and 
thermal evaluation of cellulose microfibers obtained 
from Hibiscus sabdariffa. Carbohydr Polym 92:668–674. 
https://​doi.​org/​10.​1016/j.​carbp​ol.​2012.​09.​015

Tabassi N, Moghbeli MR, Ghasemi I (2016) Thermoplastic 
starch/cellulose nanocrystal green composites prepared in 
an internal mixer. Iran Polym J 25:45–57. https://​doi.​org/​
10.​1007/​s13726-​015-​0398-0

Tian C, Yi J, Wu Y et al (2016) Preparation of highly charged 
cellulose nanofibrils using high-pressure homogenization 
coupled with strong acid hydrolysis pretreatments. Carbo-
hydr Polym 136:485–492. https://​doi.​org/​10.​1016/j.​carbp​
ol.​2015.​09.​055

Tibolla H, Czaikoski A, Pelissari FM et al (2020) Starch-based 
nanocomposites with cellulose nanofibers obtained from 
chemical and mechanical treatments. Int J Biol Macromol 
161:132–146. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2020.​05.​
194

Warren FJ, Gidley MJ, Flanagan BM (2016) Infrared spectros-
copy as a tool to characterise starch ordered structure—a 
joint FTIR–ATR, NMR, XRD and DSC study. Carbohydr 
Polym 139:35–42. https://​doi.​org/​10.​1016/J.​CARBP​OL.​
2015.​11.​066

Xie Q, Wang S, Chen X et  al (2018) Thermal stability and 
crystallization behavior of cellulose nanocrystals and their 
poly(l-lactide) nanocomposites: effects of surface ionic 
group and poly(d-lactide) grafting. Cellulose 25:6847–
6862. https://​doi.​org/​10.​1007/​s10570-​018-​2086-7

Yadav M, Chiu FC (2019) Cellulose nanocrystals reinforced 
κ-carrageenan based UV resistant transparent bionano-
composite films for sustainable packaging applications. 
Carbohydr Polym 211:181–194. https://​doi.​org/​10.​1016/j.​
carbp​ol.​2019.​01.​114

Yuan Y, Chen H (2021) Preparation and characterization of a 
biodegradable starch-based antibacterial film containing 
nanocellulose and polyhexamethylene biguanide. Food 
Packag Shelf Life 30:100718. https://​doi.​org/​10.​1016/j.​
fpsl.​2021.​100718

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://doi.org/10.1007/s10924-019-01585-x
https://doi.org/10.1007/s10924-019-01585-x
https://doi.org/10.1039/d2ra00536k
https://doi.org/10.1007/s10924-022-02484-4
https://doi.org/10.1016/j.carbpol.2012.09.015
https://doi.org/10.1007/s13726-015-0398-0
https://doi.org/10.1007/s13726-015-0398-0
https://doi.org/10.1016/j.carbpol.2015.09.055
https://doi.org/10.1016/j.carbpol.2015.09.055
https://doi.org/10.1016/j.ijbiomac.2020.05.194
https://doi.org/10.1016/j.ijbiomac.2020.05.194
https://doi.org/10.1016/J.CARBPOL.2015.11.066
https://doi.org/10.1016/J.CARBPOL.2015.11.066
https://doi.org/10.1007/s10570-018-2086-7
https://doi.org/10.1016/j.carbpol.2019.01.114
https://doi.org/10.1016/j.carbpol.2019.01.114
https://doi.org/10.1016/j.fpsl.2021.100718
https://doi.org/10.1016/j.fpsl.2021.100718

	Starch bio-nanocomposites based on phosphorylated and sulphated cellulose nanocrystals extracted from pepper plant residue: effect of surface functionality on property improvements
	Abstract 
	Introduction
	Materials and methods
	Materials
	Extraction of pure cellulose microfibers (CMFs)
	Extraction of phosphorylated and sulfated CNCs
	Starch Extraction
	Bionanocomposite films processing
	Characterization techniques

	Results and discussions
	Cellulosic fibers characterization
	Morphological characteristics
	Chemical structure (FTIR)
	Crystalline structure
	Thermal stability

	Chemical and crystalline structure of the extracted potato starch
	Chemical structure of bionanocomposite films
	Morphological properties of bionanocomposite films
	Optical transparency of bionanocomposite films
	Thermal properties of bionanocomposite films
	Mechanical properties of bionanocomposite films

	Conclusion
	Acknowledgments 
	References




