
International Journal of Biological Macromolecules 191 (2021) 572–583

Available online 25 September 2021
0141-8130/© 2021 Elsevier B.V. All rights reserved.

Thermoplastic starch nanocomposites using cellulose-rich Chrysopogon 
zizanioides nanofibers 

Midhun Dominic C.D. a,*, Derval dos Santos Rosa b, Paulo Henrique Camani b, Athira S. Kumar a, 
Neenu K.V. c, P.M. Sabura Begum c, Divya Dinakaran a, Effina John d, Donna Baby e, 
Meenu Mariya Thomas f, Jaison M. Joy a, Jyotishkumar Parameswaranpillai g, 
Mohammad Reza Saeb h 

a Department of Chemistry, Sacred Heart College (Autonomous), Kochi, Kerala Pin-682013, India 
b Universidade Federal do ABC, Centro de Engenharia, Modelagem e Ciências Sociais Aplicadas (CECS), CEP 09090-400 Santo André, SP, Brazil 
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A B S T R A C T   

Green thermoplastic starch (TPS) nanocomposite films aided by cellulose nanofibers (CNFs) from Chrysopogon 
zizanioides roots were developed and characterized. When compared to other lignocellulosic fibers, Chrysopogon 
zizanioides roots revealed exceptionally high cellulose content (~48%). CNFs were separated using an envi
ronmentally friendly acid isolation technique that included three stages: (i) alkali treatment; (ii) bleaching; and 
(iii) mild acid hydrolysis using oxalic acid in an autoclave. Following that, green nanocomposite films were made 
from potato starch using the solution casting process, by which we used glycerol (30 wt%) to make thermoplastic 
starch. Then, cellulose nanofibers in different concentrations (0, 1, 2, 3, 4 wt%) were added to the thermoplastic 
starch matrix. The isolated CNFs had diameters in the range of 17–27 nm. Besides, these nanostructures pre
sented a very high crystallinity index (~65%), thereby enhanced the thermal stability. TPS/CNF green nano
composites containing 3 wt% CNFs had exceptional tensile strength (~161%), tensile modulus (~167%), 
thermal stability, and crystallinity. As a result, nanocomposite films made of starch and cellulose nanofibers (3 
wt%) extracted from Chrysopogon zizanioides roots would be alternatives for sustainable packaging. It can be 
concluded that Chrysopogon zizanioides roots have high potential for polymer industry.   

1. Introduction 

The study of biocomposites and their relationship with environ
mental sustainability are in high demand nowadays. Traditional plastics 
have posed a hazard to the environment by contaminating land and 
water. Green technologies have become important as a result of 
increased manufacturing and usage of plastics, without endangering the 
environment [1]. Big companies have competed in green plastics and 
green composites due to the production of eco-friendly materials in the 
last decade, covering commercial and engineering applications and 
techno-economic benefits [2,3]. Nanocellulose derived from plant fibers 

has been extensively researched and recommended as a semi-structural 
fiber replacement in the composite industry. Because of their biode
gradability, environmental friendliness, and sustainability, entirely 
green biocomposites made from nanocellulose have also taken a big hit. 
In 2015, of the plastic wastes generated, only 9% was recycled, 12% was 
incinerated, and 79% was disposed of in landfills [3]. As a result, green 
composites based on nanocellulose offer a viable alternative to tradi
tional plastic packaging. 

Cellulose is the most abundant polysaccharide in the world, present 
on the plant cell wall, and it consists of β-D-glucopyranose units linked by 
(1–4) glycosidic bonds [4]. It exists in microfibrils that contain tightly 
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bound non-cellulosic components like hemicellulose, lignin, and pectin 
[5,6]. The isolation of nanocellulose from different sources was the 
subject of many reports [7]. Before nanocellulose isolation, alkali 
treatment and bleaching are done as pre-treatment to eliminate the non- 
cellulosic components such as hemicellulose and lignin and other 
cementing particles typically present within the samples [8]. Then, 
various physical and chemical methods have been employed for the 
extraction/isolation of nanocellulose, among which the important re
ports are discussed as follows. Mahardika and co-workers [9] isolated 
nanocellulose from pineapple leaves by chemical pre-treatment, fol
lowed by high-shear homogenization and ultrasonication. The extracted 
nanocellulose showed better crystallinity and thermal stability 
compared to the raw fiber. De Campos and co-workers [10] adopted an 
enzymatic treatment of the bleached fibers (sugarcane bagasse and 
curaua fibers), followed by sonication to prepare nanofibers. Even 
though the method is eco-friendly, the crystallinity index of the bleached 
fiber was reduced after enzymatic and sonication processes. Ali and co- 
workers; Ravindran, Sreekala, and Thomas; and Rajinipriya and co- 
workers studied the effect of ball milling on the preparation of nano
cellulose from treated maize cobs [11], treated pineapple leaves [12], 
and treated carrot pulp [5], respectively. Overall, ball milling appeared 
as a viable and eco-friendly method for the extraction of nanocellulose. 

Besides, grinding, cryo-crushing [13], and mechanical shearing [14] 
were also used to isolate nanocellulose. The general consequence of 
mechanical methods is that they damage the fibrous nature of cellulose. 
Acid hydrolysis is an easy, efficient, and economical method to remove 
non-cellulosic components from the fiber. Generally, one of the most 
commonly used acids is sulfuric acid, besides hydrochloric acid, nitric 
acid, or some acid mixtures that have been used to extract nanocellulose 
[15]. Several works have been reported on mineral acid hydrolysis of 
natural fiber [16]. High crystallinity is an exceptional feature of the 
nanocellulose produced from mineral acid hydrolysis. The acid hydro
lysis could remove the amorphous region and leave the crystalline re
gion unaltered [17]. In addition, the mineral acid transition metal- 
catalyzed hydrolysis to produce nanocellulose is also reported [18]. 
However, the use of strong acids has several disadvantages, e.g., 
corrosion to the instruments, and also the disposal of waste acid is 
problematic. Consequently, the replacement of this corrosive and eco- 
polluting mineral acid by a greener one is highly acknowledged. Since 
oxalic acid is mild, hydrolysis using this acid in an autoclave was pro
posed. Interestingly, the steam explosion and acid hydrolysis impart 
nano dimensions to the fibers [19]. Thus nanocellulose can be success
fully isolated by the steam explosion method [20]. 

Starch is a commonly used biopolymer to develop thermoplastic 
starch due to its easy availability, low cost, high potential application 
range, and other characteristics. Starch in its native form is converted 
into thermoplastic by the addition of plasticizers (glycerol, citric acid, 
and sorbitol) [21]. Starch, as such, has poor water resistance and me
chanical properties [22]. As a solution, the plasticizer incorporation 
reduces the crystallinity but improves the overall performance of the 
starch [23]. Thermoplastic starch (TPS) is a material produced from a 
structural disturbance that occurs in the interior of starch granules in the 
presence of plasticizers [24]. Dufresne's group investigated the effects of 
cellulose microfibril content, relative humidity, and glycerol (plasti
cizer) on the mechanical and water sorption properties of TPS [25]. 
Recently, researchers have demonstrated that nanocellulose can be used 
to increase the mechanical performance of TPS [26,27]. Balakrishnan 
et al. [28] reported that UV resistant transparent bionanocomposite 
films with excellent mechanical and barrier properties can be achieved 
by the addition of 3 wt% CNFs into the starch matrix. Cerqueira and co- 
workers discussed the feasibility of incorporating cellulose nanocrystals 
from coconut fibers in starch nanocomposites [29]. They used glycerol 
as a plasticizer and reported enhanced barrier and mechanical proper
ties upon incorporating nanocellulose in the polymer matrix. Coelho and 
co-workers prepared cellulose nanocrystals from grape pomace, incor
porated them in starch, improved the tensile strength, Young's modulus, 

and water vapor barrier of the starch film [30]. Nordin and co-workers 
obtained micro cellulose fibers from dried cellulose pulps and incorpo
rated them in TPS [31]. They observed an excellent improvement in 
biocomposites' thermal and mechanical properties due to the excellent 
adhesion and strong intermolecular interaction between the micro cel
lulose fibers and TPS. Santana and co-workers introduced CNFs 
extracted from sisal fiber into cassava starch plasticized with glycerol 
[32]. Their composite showed lower swelling and water vapor perme
ability but higher tensile strength and Young's modulus compared to 
reference starch; therefore, they concluded that the developed bio
composite could be intended for packing applications. 

Various sub-classes of carbohydrate polymers have been found in 
plants, grasses, trees and vegetables and used in diverse fields, yet there 
are still several green resources that have never been explored. In this 
regard, continued attempts have been made to find complements to 
carbohydrates obtained from the root of grasses or vegetables. What 
sustainability and circular economy concepts suggest is to find the best 
complement by a thorough examination of pairs of natural sources. Even 
though there are several documents reported in the literature [33] that 
deal with the extraction, structural characterization, and applications of 
plant fibers such as bast fibers, seed fibers, and leaf fibers, no detailed 
investigations have been done so far on root fibers. Chrysopogon ziza
nioides, commonly known as vetiver is an Ayurvedic medicinal plant 
often found in Kerala, India. It is a perennial bunchgrass of the poaceae 
family. It has strong fibrous roots that can grow up to 4 m deep. Don
jadee and co-workers investigated the effect of vetiver grass clippings as 
mulch in reducing soil erosion and water runoff [34]. Vetiver grass can 
absorb harmful elements and heavy metals and is a key biological filter 
of industrial wastewater [35]. The roots of vetiver are usually used for 
the extraction of essential oil (vetiver oil), used to manufacture per
fumes, agarbathis, soaps, cosmetics etc. By 2022, the global vetiver oil 
market might be worth US$ 169.5 million [36]. In India, about 20–25 t 
of vetiver oil are produced each year [37]. The roots left over after 
vetiver oil extraction might be considered agro-waste that can be 
transformed into a value-added product such as nanocellulose. The 
cellulose content of raw Chrysopogon zizanioides roots (48%) is signifi
cantly higher than that of Cassava roots (6.7%) and carrots (10.01%) 
[38,39]. Isolating CNFs from Chrysopogon zizanioides roots for the 
development and characterization of TPS/CNF biocomposites appears to 
be a good approach from a chemistry and engineering standpoint. No 
previous work on the extraction of CNFs from Chrysopogon zizanioides 
roots and their reinforcement in TPS biocomposites has been reported to 
the author's knowledge. For the isolation of CNFs, only mild agents is 
utilized. To reduce potential environmental repercussions, chlorite 
bleaching is replaced by hydrogen peroxide, and harmful sulfuric acid in 
acid hydrolysis is substituted by oxalic acid, making the process more 
eco-friendly. Potato starch and glycerol were used to make a TPS com
posite, which was subsequently reinforced with CNFs. The TPS/CNFs 
biocomposite was made using the solution casting approach [28]. As a 
result, we propose a novel use for the roots of Chrysopogon zizanioides, a 
cellulose-rich resource that can be used to replace synthetic plastic/ 
fiber-based packing materials with totally green nanocellulose-based 
starch thermoplastics. Only a small amount of CNFs (1–4 wt%) was 
employed to manufacture starch-based sustainable biocomposite films 
with good mechanical and thermal properties. 

2. Materials and methods 

2.1. Materials 

The raw Chrysopogon zizanioides roots were collected from the Ay
urvedic medical shops of Kodungalloor, Kerala, India. All the reagents 
and chemicals such as NaOH (A.R. 98%), H2O2 (30% W/V), C2H2O4 (A. 
R. 99.8%), KOH (A.R. 85%), potato starch (23% amylose content), and 
glycerol (98%) were purchased from Nice Chemicals Private Limited, 
Kerala, India. 
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2.2. Methods 

The methodology for the preparation of composites involves two 
stages: isolation of cellulose nanofibers and preparation of TPS/CNF 
nanocomposite films. Table 1 presents some acronyms and definitions 
for each sample of two stages. 

2.2.1. Isolation of cellulose nanofibers 
Chrysopogon zizanioides roots were collected, cleaned, dried, and cut 

into small pieces of 1 cm. About 100 g of the raw sample (RCZ) was 
treated with 2% NaOH solution (1:10 g/mL) in an autoclave to remove 
hemicellulose and lignin. The process was repeated two times. The 
sample was washed well, and the alkali-treated sample (ACZ) was 
bleached with 1000 mL 15% H2O2 (w/v) and 100 mL 10% NaOH solu
tion. The bleaching process was repeated four times for whitening the 
sample. The bleached sample (BCZ) was washed thoroughly with 
distilled water and then treated with 1000 mL, 5% oxalic acid (w/v) in 
an autoclave at 15 psi and kept under this pressure for 15 min, and the 
pressure was suddenly released. The process was repeated two times. 
The resultant sample was washed well to remove excess acid, and it was 
homogenized (D lab make homogenizer model D-500) in distilled water 
for one hour to get a refined suspension of CNFs. 

2.2.2. Preparation of TPS/CNF nanocomposite films 
The solution casting method was used for the development of bio

composites. Pre-weighed potato starch was dissolved in 100 mL of hot 
distilled water, and 30% of glycerol (on dry starch basis) was added 
drop-wise and stirred thoroughly by a mechanical stirrer. The 30% of 
glycerol was chosen because it was being widely used in the literature, 
improving elasticity and promoting the movement of the starch chains, 
thus increasing the flexibility [21]. The CNF suspension was sonicated 
for 15 min before use. The required amount of CNF suspension (total 
solid content of 0.9%) was added to the above solution and stirred well 
using a mechanical stirrer at 700 rpm for 30 min at a temperature of 
90 ◦C. Then, the obtained viscous solution was cast onto a glass plate and 
kept in an air oven for 12 h at about 50 ◦C [21]. Likewise, films with 0, 1, 
2, 3, 4 wt% of CNFs (based on the dry weight of starch) were prepared 
using a solution casting technique. The dried films were stored in a 
plastic bag at 25 ◦C and 60% relative humidity for a week before 
characterization [23]. 

2.2.3. Characterizations 
The chemical composition at each stage of isolation of CNF was 

analyzed using ASTM standards, cellulose (ASTM D 1103-55T), hemi
cellulose (ASTM D 1104-56), and lignin (ASTM D 1106-56). The Fourier 
Transform Infrared Spectroscopy-Attenuated Total Reflectance (FTIR- 
ATR) spectra of the samples were determined using Thermo Nicolet 
Avatar 370 model FTIR spectrophotometer (Waltham, MA, USA). The 
data acquisition was carried out in a range of 400–4000 cm− 1, 32 scans, 
and with 4 cm− 1 spectral resolution. X-ray diffraction analysis (XRD) 
was conducted by Bruker D8 Advance X-ray powder diffractometer 
(Bruker, MA, USA). The crystallinity index (IC) of RCZ, ACZ, BCZ, and 
CNFs were calculated using Segal Eq. (1): 

IC(%) =

(

1 −
Iam

I200

)

× 100% (1)  

where I200 is the intensity of diffraction of the (200) lattice peak (~2θ =
22.8◦), and Iam is the intensity from the amorphous phase (~2θ = 18.6◦). 
The morphological studies of the samples were obtained using Joel 6390 
LA scanning electron microscopy (SEM) and high-resolution trans
mission electron microscopy (TEM), Joel/JEM 2100, (JOEL USA, Inc., 
Peabody, MA, USA). The particle size confirmation was done using the 
Malvern Zetasizer Nano series with a 4 mW 632.8 nm laser. Three 
replications were done for the analysis. Thermogravimetry analysis 
(TGA) was performed on Perkin Elmer STA 600 (Waltham, USA), at a 
temperature range of room temperature to 750 ◦C in the N2 atmosphere 
at a heating rate of 10 ◦C/min, in N2 flow 20 mlmin− 1. In addition, 
differential scanning calorimeter (DSC), Netzsch DSC 204 F1 (Ger
many), was used to carry out DSC analysis in an inert nitrogen atmo
sphere at a temperature range of room temperature to 400 ◦C at a 
heating rate of 10 ◦C/min. The stress-strain analysis was conducted on 
Shimadzu Model AGI Universal Testing Machine according to ASTM D 
412. 

3. Results and discussions 

3.1. Characterization of raw and treated fibers and cellulose nanofibers 
(CNFs) 

3.1.1. Chemical composition of raw and treated fibers 
The composition of the samples at each stage of the chemical treat

ments was determined and summarized in Table 2. 
Initially, 48% of cellulose was found in the raw sample (RCZ), and an 

increase in the cellulose content on successive chemical treatments 
could be detected. Alkali treated sample (ACZ) has about 61% cellulose, 
and that of the bleached sample (BCZ) has 87% cellulose. A remarkable 
reduction in the hemicellulose and lignin content from 28% to 4% and 
from 23% to 3% implies the effectiveness of the adopted methodology. 
Chemical modification and pre-treatments on the fiber surfaces enhance 
its properties. The NaOH treatment and H2O2 bleaching are adopted as 
pre-treatments for the fibers to remove the samples' non-cellulosic 
components and improve the fiber-matrix interface. Alkali treatment 
effectively removes the hemicellulose, lignin, pectin, wax, and other 
components, acting as cementing materials within the plant cell wall. 
The successive removal of these materials imparted surface roughness 
and enhanced mechanical bonding [40,41]. Herein, NaOH with low 
concentration was used for the mercerization process. The overuse of 
alkali results in fiber damage and lower stability [40] and cellulose 
degradation [20]. The bleaching process was performed to ensure the 
complete removal of non-cellulosic components like lignin and an in
crease in the cellulose content. Cherian and co-workers suggested 
removing lignin on bleaching depends on the type of lignin present, 
either as alkali sensitive or alkali resistant. Lignin degrades to different 
polar groups such as carboxylic acid, hydroxyl groups, and others on 
bleaching in the presence of alkaline medium. This ensures more 
availability and exposure of cellulose. Bleaching also imparts whiteness 
to the sample [42] and helps in diminishing the particle size. Peroxide 
bleaching adopted in the methodology may also reduce the risk of 
environmental impact by using chlorite bleaching. Chirayil et al., re
ported a similar observation which implies the alkali treatment, 

Table 1 
Acronyms and definitions of samples for each stage of this work.  

Acronyms Definition of samples 

RCZ Raw sample 
ACZ Alkali-treated sample 
BCZ Bleached sample 
CNF Cellulose Nanofiber 
Neat starch Thermoplastic starch (TPS) 
TPS/CNF 1 Composite film of thermoplastic starch containing 1 wt% of CNFs 
TPS/CNF 2 Composite film of thermoplastic starch containing 2 wt% of CNFs 
TPS/CNF 3 Composite film of thermoplastic starch containing 3 wt% of CNFs 
TPS/CNF 4 Composite film of thermoplastic starch containing 4 wt% of CNFs  

Table 2 
The chemical composition of fibers after each stage of chemical treatment.  

Sample Cellulose (%) Hemicellulose (%) Lignin (%) 

RCZ 48 ± 3 28 ± 3 23 ± 2 
ACZ 61 ± 4 15 ± 2 11 ± 2 
BCZ 87 ± 3 4 ± 0.5 3 ± 0.5  
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Fig. 1. Different stages in the preparation of TPS/CNF bionanocomposite film.  

Fig. 2. (A) FTIR spectra of samples (RCZ to CNF), (B) XRD pattern of samples (RCZ to CNF), (C) TEM image of CNFs, and (D) DLS spectra of CNFs.  
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followed by bleaching, resulting in hemicellulose hydrolysis to sugars 
and lignin depolymerization to phenolic compounds, which are soluble 
in water [19]. Cherian and co-workers investigated the depolymeriza
tion mechanism using the steam explosion method. The steam explosion 
results in the partial breakage of the hydrogen bonds within the gluco
pyranose unit at C3 and C6 position [20]. The sudden pressure release in 
the steam explosion method may also lead to rapid depolymerization 
and defibrillation. The low concentration of NaOH solution (2%), 
hydrogen peroxide bleaching (avoiding chlorite bleaching), and oxalic 
acid hydrolysis of bleached fiber in the autoclave (avoiding sulfuric acid 
hydrolysis) make the proposed nanocellulose extraction process greener 
and eco-friendly. Fig. 1. shows the different stages of the preparation of 
TPS/CNF bionanocomposite film. 

3.1.2. Chemical structure of raw and treated fibers 
The FTIR spectra of RCZ, ACZ, BCZ, and CNFs are shown in Fig. 2A. 

The chemical structure and changes in the functional groups' position 
were obtained from the FTIR spectra. The fibers contain both cellulosic 
and non-cellulosic components. These constituents contain hydroxyl 
groups, ester, and ether linkages. The disappearance and increasing 
intensity of specific bands in the FTIR spectra shows the removal and 
modification of fiber components after successive chemical treatment 
[43]. A band at 3430 cm− 1 is observed in the spectra of Fig. 2A, being 
the characteristic of O–H stretching vibrations [44]. This absorption 
band indicates inter and intra-molecular hydrogen bonds in the cellulose 
fibers [45]. Besides, other peaks in the range of 2920 cm− 1 are observed, 
corresponding to aliphatic C–H stretching in cellulose [46]. However, 
RCZ exhibits a band at 2846 cm− 1, attributed to the stretching vibrations 
of -OCH3 groups present in lignin and hemicellulose [47]. The disap
pearance of the peak at 2846 cm− 1 in the prepared CNFs implies the 
efficiency of alkali treatment, bleaching, and acid hydrolysis in elimi
nating lignin and hemicellulose. 

In addition, a band at 1739 cm− 1 could be observed in the case of 
RCZ due to the C––O stretching vibrations of hemicelluloses and lignin 

[46]. This band was found to be decreasing in intensity after successive 
chemical treatment, showing the removal of lignin and hemicellulose. 
The absence of the peak at 1514 cm− 1 (C––C vibrations) in CNFs in
dicates the complete removal of lignin-containing aromatic rings [48]. 
The peak at 1632 cm− 1 could indicate O–H bending of water absorbed 
in the case of RCZ, ACZ, BCZ, and CNFs, or it could indicate the hy
drophilic nature of the fibers [49]. Other bands were also observed in 
the spectra, shown in Fig. 2A. The band at 1031 cm− 1 is attributed to 
C–O stretching vibrations in cellulose. The band at 897 cm− 1 is char
acteristic of the cellulosic structure due to the 1, 4-β glycosidic linkage. 
This band got intensified on successive chemical treatment and became 
more prominent in the case of CNFs, indicating the isolation of cellulosic 
fibers [43]. Thus, the chemical treatment improved the cellulose content 
in the fibers by removing non-cellulosic components, exposing more 
cellulose crystalline phase, and producing cellulose nanostructures 
without loss of the prominent chemical structure of cellulose. 

3.1.3. Crystallinity of raw and treated fibers 
The crystallinity and crystalline structure of RCZ, ACZ, BCZ, and 

CNFs were studied using X-ray diffraction analysis. The XRD spectra of 
RCZ, ACZ, BCZ, and CNFs were shown in Fig. 2B. The XRD pattern of 
CNFs showed peaks at 2θ values equal to 15.7◦, 21.7◦, and 34◦, that 
corresponds to the reflection planes (110), (200), and (004) respec
tively, owing to cellulose Type I structure. These values agree with Dai 
and co-workers' studies [46] and Trilokesh and co-workers [50]. Foner 
and Adan reported a principal peak at 2θ = 22.5◦ and secondary peaks in 
the range of 14.5◦ and 16.3◦ for cellulose Type I structure [51]. The 
sharp, intense peaks were obtained for CNFs at the corresponding 2θ 
values, implying the higher crystallinity of the extracted CNFs [43]. The 
sharp peak at 2θ value equal to 21.7◦ implies crystalline cellulose in 
CNFs [45]. It is worth pointing out that similar XRD patterns were ob
tained for all the samples studied, and it indicates the efficacy of the 
chemical treatments in maintaining the chemical structure of natural 
fibers throughout the isolation process. Abraham and co-workers 

Fig. 3. SEM images of (A) RCZ, (B) ACZ, (C) BCZ, and (D) CNFs.  
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observed a left shift of the principal peak on steam-exploded alkali- 
treated fibers due to the transformation from cellulose I to cellulose II 
and their co-existence [52]. In the current study, there is no shift of the 
principal peak in the XRD pattern also contributes to the conformation 
of cellulose I in the fibers tested. 

Cellulose comprises amorphous and crystalline regions, and the 
removal of the amorphous region increases the crystallinity of the 
sample [53]. The crystallinity index of RCZ, ACZ, BCZ, and CNFs were 
calculated using the Segal equation (Eq. (1)), and the values obtained 
are 43.06%, 51.58%, 56.18%, and 65.08%, respectively. At every stage 
of extraction, an increment in the crystallinity index could be observed. 
The lower value of the crystalline index was obtained for raw fiber, 
which implies more amorphous regions in the sample due to the pres
ence of hemicellulose, lignin, and waxes. Besides, the crystalline peak at 
the (200) plane in all the samples was preserved, and its intensity 
increased for CNF. Thus, this effect implies that the chemical treatments 
(alkali treatment, bleaching, and acid hydrolysis) remove only the 
amorphous phase, while the crystalline phase remains unaltered [45]. 
Apart from the increased crystallinity, removing the amorphous phase 
during the progressive chemical treatments also reduces the size of the 
cellulose from macro to nanoscale. Besides, crystallinity increases the 
rigidity, thermal stability, and strength of the CNFs [49]. 

3.1.4. Morphology of RCZ, ACZ, BCZ, and CNFs 
In the development of composites, morphological structure and fiber 

properties are important for predicting the interactions of the fiber with 
the polymer matrix. Scanning electron microscopy (SEM) was per
formed to study the morphological characteristics of different stages of 
Chrysopogon zizanioides fibers. The changes in the morphology of fibers 
in each stage of chemical treatment are shown in Fig. 3. The surface of 
RCZ (Fig. 3A) is found to be uneven and it consists of bundles of indi
vidual cells that are tangled with cementing materials like lignin and 
hemicellulose. A noticeable change in the surface morpholology of RCZ 
is observed when the raw fiber is treated with NaOH solution. The 
surface morpholology of ACZ is shown in Fig. 3B. The surface of ACZ 
shows numerous tiny pores and openings. These voids are created by the 
dissolution and leaching out of cementing materials like hemicellulose, 
lignin, and waxes during the mercerization process. The alkali treatment 
also makes the fibers more rigid and stiff. Dominic et al. reported a 
similar observation when rice husk is treated with NaOH solution [54]. 
The mercerization process not only increases the stiffness of the fibers 
but also increases the number of reactive sites on the fiber surface which 
favours fiber wetting [55]. The voids produced on the surface of ACZ 
provide greater mechanical anchoring and interlocking of the fiber with 
the polymer matrix. The surface morphology of the bleached fiber (BCZ) 
is shown in Fig. 3C. The surface of BCZ is found to be smoother 
compared to the surfaces of RCZ and ACZ. Ireana et al. reported a similar 
observation when oil palm empty fruit bunches are bleached with 
alkaline hydrogen peroxide solution [56]. Defibrillation and size 
reduction of fibers happen up on bleaching. The surface morphology of 
the isolated CNFs is shown in Fig. 3D. The image shows that individual 

defibrillation has taken place after acid hydrolysis and homogenization. 
Panyasiri and co-workers [57] reported a similar fibrous structure in 
CNFs extracted from cassava bagasse due to the removal of plant resi
dues and impurities. The SEM micrographs demonstrate the efficiency of 
acid hydrolysis combined with the steam explosion, which results in the 
formation of individual fibers and can be employed as a reinforcing filler 
in various matrices. 

The evidence on the isolation of nanocellulose from Chrysopogon 
zizanioides roots was confirmed by transmission electron microscopy 
(TEM) image as shown in Fig. 2C. The obtained fiber diameter was 
approximately between 17 and 27 nm. TEM image demonstrated the 
well-arranged thread-like network image of CNFs with aggregations. 
Panyasiri and co-workers [57] suggest that the aggregations of fibers are 
the sign of strong hydrogen bonds between the fibers. The presence of 
hydrogen bonds also implies the hydrophilic nature of the CNFs [8]. 

Furthermore, the fine filament-shaped CNFs show the removal of 
tightly wrapped hemicellulose, lignin, and wax in the fibers by the alkali 
treatment, bleaching, and acid hydrolysis [14]. That means the chemical 
treatments caused the isolation of cellulose fibers due to the removal of 
amorphous material. In other words, the chemical treatments facilitated 
depolymerization of the cellulose molecules and provided fibrillar na
ture to each fiber, which possesses strong hydrogen bonding [58]. These 
findings indicate the successful isolation of cellulose nanofibers from 
Chrysopogon zizanioides roots and the effectiveness of the steam explo
sion method. It is essential to establish morphology –property correla
tion while studying the reinforcing effect of CNFs in the polymer matrix. 
Kumagai et al. reported that low fibrillated CNFs (diameter > 10 μm) 
showed very weak reinforcement while the high-fibrillated CNFs 
(diameter < 0.1 μm) considerably enhanced modulus and tensile 
strength of polymer composites [59]. It is difficult to determine the 
actual length of the prepared CNFs from the TEM analysis. From Fig. 2C, 
the length of the isolated CNFs is in the micro meter range and the 
diameter is in the range of 17–27 nm. Thus, the prepared CNFs have a 
high aspect ratio. Hu et al. reported that for fibers with similar diameter 
better reinforcement is shown by the one which is having a higher aspect 
ratio [60]. So, the TEM analysis proves the reinforcing potential of the 
isolated CNFs in the polymer matrix. 

Dynamic light scattering (DLS) spectra provided information on the 
fiber diameter. The DLS spectra of CNFs are shown in Fig. 2D. The DLS 
analysis confirmed the nano-dimension and fiber diameter of the iso
lated CNFs obtained from SEM and TEM analysis. The structural infor
mation about the CNFs could not be obtained from the DLS spectra. 
However, the hydrodynamic particle size is determined from the DLS 
analysis [44]. From the DLS spectra, the diameter of CNFs is in the 
nanoscale, confirming the complete conversion of cellulose segments to 
nanocellulose [61]. The DLS spectra of the isolated CNFs show narrow 
size distribution and the average diameter of CNFs is found to be around 
40 nm. Dominic et al. reported a similar DLS spectra for CNFs isolated 
from rice husk [54]. The yield of the isolated CNFs is calculated to be 
45%. The yield of the isolated CNFs is found to be comparable with that 
of CNFs obtained from Helicteres isora plant [19]. Table 3 compares the 

Table 3 
Comparison of the fiber diameter, crystallinity index, and yield of the prepared CNFs with reported works in the literature.  

Source Method of synthesis Yield (%) Crystallinity Index (%) Diameter (nm) Reference 

Helicteres isora Acid hydrolysis (10% C2H2O4) and steam explosion 48 90 20 [19] 
Cassava root peelings and bagasse Acid hydrolysis (30–50% H2SO4) 12.3, 10.5 71.1–92.6 2.3–5.4 [38] 
Rose stems Acid hydrolysis (0.1 L of 300 g/L H2SO4) 17.2 22.2 30 [62] 
Apple stems Acid hydrolysis (9.17 M H2SO4) 5.2 69.1 10–20 [63] 
Millet waste Acid hydrolysis (2 M HNO3) 50 55 – [64] 
Banana peels Acid hydrolysis (1% H2SO4) and high pressure homogenization 5.1 64.9 10.9–22.6 [65] 
Cocos nucifera Acid hydrolysis (80% CH3COOH and 70% HNO3) and ball milling 74.2 77.8 55–64 [66] 
Ramie Ultrasonication 89.35 73.65 9.9–89.1 [67] 
Bamboo Ultrasonication 65–70 69.02 10–40 [68] 
Wheat High pressure homogenization 55.6 57.20 14.01 [69] 
Chrysopogon zizanioides roots Steam explosion followed by acid hydrolysis and homogenization 45–50 65.08 17–27 Current work  
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fiber diameter, crystallinity index, and yield of the isolated CNFs with 
reported works in the literature. 

3.1.5. Thermal stability of RCZ, ACZ, BCZ, and CNFs 
The thermal stability of RCZ, ACZ, BCZ, and CNFs were studied using 

the thermogravimetric method. The thermogravimetric analysis (TGA) 
monitors the change in mass of the fibers as a function of temperature. 
The TG and DTG curves of RCZ, ACZ, BCZ, and CNFs are shown in Fig. 4. 
From Fig. 4A, it is possible to conclude that the initial weight loss 
occurred at ~100 ◦C in all the samples is due to the evaporation of 
bonded water molecules and other volatile materials present in them 
[53]. This weight loss implies the hydrophilic nature of the cellulose 
fibers [44]. From the TG curve, the significant weight loss of the tested 
fibers occurred between 250 ◦C to 450 ◦C. On the other hand, from the 
DTG curve (Fig. 4B) the primary decomposition peak at higher tem
perature and a secondary decomposition peak at a lower temperature for 
RCZ and ACZ samples was observed. The secondary decomposition peak 
at a lower temperature (190 ◦C) is due to weight loss corresponding to 
the decomposition of non-cellulosic components such as hemicellulose 
and pectin [48]. The secondary decomposition peak was absent in CNFs, 
suggesting that the non-cellulosic components are entirely removed 
from nanocellulose. The primary decomposition (Tmax) was at ~350 ◦C, 
being due to the decomposition of cellulose [70]. 

Table 4 shows the temperature at 10% degradation (T10), the tem
perature at 50% degradation (T50), the temperature at which maximum 
degradation (Tmax), and the residue at 500 ◦C of RCZ, ACZ, BCZ, and 
CNFs, respectively. From Table 4, it is clear that the T10, T50, and Tmax of 
the CNFs were increased compared to RCZ, ACZ, and BCZ. T10, T50, and 
Tmax of CNFs are high values due to removal of non-cellulosic compo
nents from CNFs during the chemical treatment [48]. The residual 
content is the highest for the RCZ. It is due to high plant residues and ash 
content [67]. The residual ash content gradually decreased on alkali- 
treated and bleached fibers. However, CNFs showed considerably 
larger ash than ACZ and BCZ due to the increased crystallinity of CNFs 
[48]. Thus, it is clear that the thermal stability of CNFs was increased 
compared to the others samples. The higher value of Tmax for CNFs 
points to the usefulness of the steam explosion method for extracting 
CNFs. The thermal stability of CNFs is mainly due to the crystalline 
domains present in them. Therefore, the high thermal stability of CNFs 
leads to a wide range of applications, including biocomposites. 

3.2. Characterization of TPS/CNF nanocomposites 

3.2.1. Fourier transform infrared spectroscopy (FTIR-ATR) 
The better interaction between the matrix phase and the reinforcing 

filler was confirmed using FTIR-ATR spectroscopy. Fig. 4C shows the 
FTIR spectra of neat TPS and TPS/CNF composites. An almost similar 
patterned spectrum was obtained as the matrix, and the filler is identical 
polysaccharides with the same functionalities. The broadband range of 
3500–3200 cm− 1 in the neat TPS film and composites were observed, 
corresponding to the –OH stretching vibrations. It indicates inter and 
intra-molecular hydrogen bonding [71]. Compared to neat TPS film, 
there is a shift of peak value of –OH stretching vibrations to lower 
wavenumber in the case of TPS-cellulose nanocomposites. Zhang and co- 
workers reported that the decrease in frequency indicates new hydrogen 

Fig. 4. (A) TG curves of samples (RCZ-CNFs), (B) DTG curves of samples (RCZ-CNFs), (C) FTIR-ATR spectra of TPS/CNF composites, and (D) XRD pattern of TPS/ 
CNF composites. 

Table 4 
Thermal properties of RCZ, ACZ, BCZ, and CNFs.  

Sample T10 (◦C) T50 (◦C) Tmax(◦C) Residue at 500 ◦C (%) 

RCZ  176  338  348  18.71 
ACZ  168  340  351  8.87 
BCZ  139  342  354  4.22 
CNF  250  347  355  14.56  

M. Dominic C.D. et al.                                                                                                                                                                                                                         



International Journal of Biological Macromolecules 191 (2021) 572–583

579

bonds between the starch and the filler [72]. On the other hand, an 
increase in the bonding ensures better compatibility of the films. Be
sides, it also represents the better reinforcing effect of cellulose in the 
matrix. A peak at 2941 cm− 1 in all composite films was observed, being 
ascribed to aliphatic C–H stretching [73], and the presence of the peak 
at 1650–1640 cm− 1 corresponds to that of absorbed water [71]. Owi and 
co-workers asserted this peak as the characteristic peak of the starch 
molecules, which explains its hydrophilic nature [74]. 

Other peaks are also observed in TPS and biocomposites films. A 
peak at 1154 cm− 1 corresponds to the CO stretching vibrations due to 
the presence of glycosidic bond in the starch film and the TPS-cellulose 
nanocomposites [75]. This peak, along with the peak at 1010–990 cm− 1, 
is associated with the anhydroglucose ring present in the starch mole
cule and can also be related to glycerol molecules [71]. A slight shift of 
this specific peak to a lower wavenumber for nanocomposites than the 
neat starch film was visible in the spectra. Karimi and co-workers re
ported that the peak shift corresponds to new interactions between the 
TPS and cellulose molecules [76]. All the peaks below 1000 cm− 1 in the 
prepared composites arose due to glucose molecule, which is the pri
mary constituent of starch and cellulose [28]. Due to the similar mo
lecular structure of starch and cellulose, comparable spectra were 
obtained in the prepared samples. However, the shift of specific bands 
implied a better interaction between the polymer and reinforcing filler 
via hydrogen bonding. 

3.2.2. Crystallinity of TPS/CNF Nanocomposites 
X-ray diffraction analysis was carried out to study the incorporation 

of CNFs in the TPS matrix. The X-ray diffraction pattern of TPS/CNF 
composites is shown in Fig. 4D. The prominent peaks at 17◦, 19◦, 22◦, 
and 31◦ are the characteristic peaks of TPS. The peaks correspond to 17◦, 
19◦, and 22◦, corresponding to EH-type and VH-type structures. The EH- 
type structure occurred due to the recrystallization of amylopectin, 

whereas the VH-type structure occurred due to the crystallization of 
amylase [77]. The intensity of these peaks increased with the incorpo
ration of CNFs, suggesting an overall increase in the crystallinity of the 
composites [30]. However, the peak position did not change or disap
pear. The results confirmed that the incorporation of CNFs did not 
change the crystalline structure of TPS. Therefore, the marked increase 
in peak height at 22◦ was attributed to CNFs in TPS. The elaborated TPS/ 
CNF composites are not fully amorphous, according to the XRD study, 
and the crystallinity is caused by the retrogradation of TPS plasticized 
with glycerol [78]. 

3.2.3. Thermal properties of TPS/CNF nanocomposite 
The thermal stability of the developed polymer nanocomposite films 

could be studied using thermal degradation curves from thermogravi
metric analysis (TGA). Besides, DSC studies were also performed. The 
TG, DTG, and DSC thermograms of TPS/CNF composites are shown in 
Fig. 5. The TG and DTG curves (Fig. 5A and B) of the nanocomposites 
showed three degradation steps, according to previous studies based on 
starch biocomposite films [71]. The first degradation between 100 and 
200 ◦C is due to the evaporation of weakly bonded water molecules, 
followed by glycerol [79]. The second degradation at ~300 ◦C is due to 
the degradation of thermoplastic starch and CNFs [80]. At last, the third 

Fig. 5. (A) TG curves of TPS/CNF composites, (B) DTG curves of TPS/CNF composites, (C) DSC curves of TPS/CNF composites, and (D) Stress-strain curves of TPS/ 
CNF composites. 

Table 5 
Thermal properties CNF reinforced TPS composites.  

Samples T5 

(◦C) 
T50 
(◦C) 

Tmax 
(◦C) 

Residue at 
500 ◦C 

Neat starch  62.28  301.16  307.32  5.723 
TPS/CNF 1  92.67  314.61  323.88  8.747 
TPS/CNF 2  71.08  305.45  311.38  9.766 
TPS/CNF 3  67.48  304.94  312.16  9.123 
TPS/CNF 4  61.31  304.71  308.35  8.518  
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degradation at ~520 ◦C is due to the decomposition of lignin and 
carbonaceous residue [71]. 

Table 5 shows T5, T50, Tmax, and the residue at 500 ◦C of the CNF 
reinforced TPS composites obtained from the TG and DTG thermograms. 
The addition of CNFs to the thermoplastic starch matrix showed an in
crease in T5, T50, Tmax, and the residue at 500 ◦C due to the strong 
intermolecular hydrogen bonding between the CNFs and TPS [82]. Note 
that both CNFs and TPS are hydrophilic. This result confirms that the 
incorporation of CNFs enhanced the thermal stability of TPS. The 
immobilization of amylopectin chains by the CNFs is responsible for the 
increased onset degradation temperature of the developed composites. 
The accumulation of glycerol in the interfacial boundary of CNF/ 
amylopectin favours the formation of crystallites of amylopectin around 
CNFs [83]. The formation of these crystallites also improves the thermal 
stability of the prepared composites. It is worth mentioning that 1 wt% 
CNF reinforced composites showed the highest thermal stability. On the 
other hand, at higher concentrations, the CNFs may tend to agglomerate 
due to the weak Van der Waals forces existing between them and, hence 
the compatibility of the filler with polymer matrix will be reduced and 
cause more defects, thus reducing the thermal stability of the 
composites. 

Differential scanning calorimetric studies were also carried out to 
analyze TPS/CNF composites (Fig. 5C). Two endothermic peaks were 
observed in the DSC thermogram. The first endothermic peak at 
~100 ◦C is due to the evaporation of water molecules present in the 
composite samples [81]. The second endothermic peak is due to the 
decomposition of the TPS and CNFs [71]. These results are according to 
TGA thermograms. Because of the low value of the heat capacity change, 

determining the glass transition temperatures (Tg) of the produced 
composites from DSC analysis is difficult [78]. 

3.2.4. Mechanical properties of TPS/CNF Nanocomposites 
The representative tensile stress-strain curve of neat TPS and CNF 

reinforced TPS are shown in Fig. 5D. Besides, tensile strength, elonga
tion at break and Young's modulus are shown in Table 6. 

The stress-strain curve showed some changes in tensile strength, 
modulus, and elongation at the break of the TPS composites concerning 
the concentration of CNFs. The neat TPS films had poor tensile prop
erties, limiting the commercial application of starch-based films [71]. 
According to Table 6, about 161% improvement in the tensile strength 
was observed when neat TPS was reinforced with 3 wt% CNFs. The in
crease in the tensile strength of the prepared composite films was 
possibly due to the reinforcement of the CNFs with the TPS matrix. The 
reinforcing effect of the CNFs with the TPS matrix is due to the inter
molecular hydrogen bonding interaction between CNFs and TPS [84]. 
Thus, the interfacial adhesion between the CNFs and starch matrix is 
good and offered strong fiber reinforcement. In addition, the number of 
defects/porosities of the TPS matrix could be reduced with the incor
poration of CNFs. CNFs may occupy the defect sites in the polymer 
matrix, resulting in a more compact structure for the composites. Be
sides, the nanosize and high surface area of CNFs cause effective surface 
bonding with the TPS matrix. The hydrogen-bonded network structure 
formed between CNFs and starch could improve the system's rigidity, 
which helps to transfer the stress effectively due to the superior tensile 
strength of TPS/CNF composites. The marginal decrease in the tensile 
strength at 4 wt% CNF loading may be due to the agglomeration and 
dispersion issue of CNFs. 

As presented in Table 6, the elongation at break was minimum for 
TPS/CNF 3 composite due to the effective immobilization of starch 
polymer chains by CNFs. Hietala and co-workers observed a similar 
trend in elongation at break when potato starch is reinforced with wood 
flour derived CNFs [85]. Besides, according to Table 6, about 218% 
improvement in Young's modulus is observed when 4 wt% CNFs is 
incorporated into neat TPS. The high stiffness of CNFs and their good 
interaction with the TPS matrix account for the rise in Young's modulus 
in the prepared TPS/CNF composites. The high modulus of CNFs (140 
GPa) in comparison to the TPS matrix (87 MPa) is also responsible for 
the increase in Young's modulus of the elaborated biocomposites [86]. 
The promising interaction between CNFs and TPS is depicted in Fig. 6. 

Table 6 
Tensile strength, elongation at break, and Young's modulus for neat starch and 
TPS/CNF composites.  

Sample Tensile strength 
(MPa) 

Elongation at break 
(%) 

Young's 
modulus 
(MPa) 

Neat 
starch 

1.77 ± 0.30 31.36 ± 4.12 15.82 ± 1.12 

TPS/CNF 1 3.14 ± 0.62 38.82 ± 2.60 24.62 ± 1.18 
TPS/CNF 2 3.63 ± 0.19 53.01 ± 5.12 24.70 ± 1.29 
TPS/CNF 3 4.62 ± 0.42 29.82 ± 4.37 42.35 ± 1.45 
TPS/CNF 4 3.98 ± 0.56 29.86 ± 4.72 50.45 ± 1.62  

Fig. 6. Sketch of plausible hydrogen bonding interaction between CNFs and TPS matrix.  
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Fazeli and co-workers reported similar tensile strength and elastic 
modulus improvement when TPS is reinforced with CNFs [87]. 

4. Conclusion 

The study reports the successful isolation of CNFs from the roots of 
Chrysopogon zizanioides for the first time using a chlorine-free extraction 
method. The successful removal of hemicellulose, lignin, pectin, and 
wax from the raw Chrysopogon zizanioides fibers was confirmed by FTIR 
and XRD analysis. The XRD pattern showed the formation of Type-I 
nanocellulose with a high crystallinity index of 65.08%. The diameter 
of CNFs was found to be in the range of 17–27 nm by TEM analysis, 
which was validated by DLS analysis. The T50 and Tmax of CNFs 
increased by 9 ◦C and 7 ◦C respectively, when compared to raw fibers, 
owing to the produced CNFs' improved thermal stability. The solvent 
casting process was used to make the TPS/CNF bionanocomposite films. 
When compared to neat TPS, the tensile strength of a 3 wt% CNF rein
forced composite was increased by 161%. The efficient immobilization 
of starch polymer chains by the CNFs was also demonstrated by the 
decrease in elongation at break and an increase in the elastic modulus of 
TPS/CNF composites at high fiber loading. The hydrogen bonding 
interaction between CNFs and starch was responsible for improving the 
tensile properties of TPS/CNF composite films, which the FTIR-ATR, 
XRD analysis further confirmed. The prepared TPS/CN composite 
films can be used for packaging applications based on the presented 
results. The swelling, barrier (oxygen and water vapor permeability), 
biodegradability, and antibacterial studies will be conducted shortly to 
utilize these green composite films in sustainable, intelligent packaging 
applications effectively. 
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