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Excessive exploitation of petroleum-based plastics and synthetic fibers is 
harming the environment. This study isolated nano-fibrillated cellulose 
(NFC) from plant fiber (Agave americana). The as-extracted Agave fibers 
were chemically treated (alkali, bleaching, and acid hydrolysis coupled 
with ultrasonication). Functional and structural analysis were performed 
using Fourier-transform infrared spectroscopy and X-ray diffraction. The 
surface morphological changes and thermal decomposition behavior 
were studied by scanning electron microscopy and by thermogravimetry 
and derivative thermogravimetry, respectively. Fourier-transform infrared 
peaks confirmed the absence of lignin and hemicellulose in the NFC 
samples. X-ray diffraction data revealed that the crystallinity index 
increased from 50.1% to 64.1% from the raw fiber to the NFC. 
Thermogravimetry and derivative thermogravimetry showed that the 
stability increased notably from the raw fiber to the NFC stage. The 
average particle size was 18.2 nm ± 10.14 nm in the NFC sample, which 
was confirmed by transmission electron microscopy. 
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INTRODUCTION 
 

The time has come to address the environmental issues caused by the excessive 

usage and dumping of petroleum-based plastics. Various investigators in India and 

around the world are paying special attention to addressing these issues by developing 

eco-friendly renewable materials derived from natural plant fibers (Ramesh et al. 2017). 

These plant-derived fibers are widely available around the world and being studied due to 

their properties including biodegradability, biocompatibility, higher strength, higher 

aspect ratio, low density, low cost, good availability and reduced health hazard. The three 

types of naturally derived fibers that are commonly available are categorized by their 

origin: plant, animal, and mineral fibers (Bismarck et al. 2005). Plant-based fibers are 

otherwise known as cellulosic fibers because of their high cellulose content. Bio-

composites are made by incorporating biologically derived materials into a biodegradable 

polymer matrix, along with other additives, to yield a characteristic composite material. 

The importance and usage of bio-composites have greatly increased in recent years, as 

they provide an alternative to petroleum-derived plastics (Rosli et al. 2013). Also, the 
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material is sustainable and renewable. 

Cellulose is a versatile polymer and is obtained from nature on a large scale. The 

most common sources include cotton, hemp, palm, pineapple, jute, flax, agave, sisal, and 

banana pseudostem, among others (Ramesh et al. 2017). The annual biomass contribution 

of cellulose is estimated to be 1012 tons (Nascimento et al. 2018). Cellulose comprises 

primary and secondary cell walls. Approximately, the primary cell walls constitute more 

than 15% to 30% of the total dry mass, while the secondary cell walls constitute more 

than 40% of the total dry mass (Nascimento et al. 2018). Cellulose is a semi-crystalline   

polysaccharide macromolecule, comprising a long, extended chain of d-anhydroglucose 

(C6H10O5) units, which are well organized by β-(1– 4)-glycosidic bonds. The individual 

glucose monomers of cellulose, with OH groups.  For each anhydroglucose unit there is 

one primary OH group, which is positioned at C6, while secondary OH groups are 

positioned at C2 and C3, forming strong intra-inter molecular hydrogen bonds and 

yielding good crystalline and amorphous packing of cellulose (Brinchi et al. 2013). 

Nanofibrillated cellulose (NFC) comprises nanoscale cellulose fibrils with a long, 

flexible, entangled network; the diameters of the fibrils that comprise this material are 

typically in the range of 1 nm to 100 nm. These nanoscale cellulose fibrils exhibit good 

tensile strength, uniform surface area, good ratio of diameter to fibril length, high axial 

Young’s modulus, low specific density, good surface modifiability, and good 

biodegradability (Oksman and Sain 2006; Brinchi et al. 2013). From NFCs one can 

develop attractive thin films (Hubbe et al. 2017). Nanofibrillated cellulose has been 

successfully isolated from sugar palm (Arenga pinnata) fibers through high pressure 

homogenization process (Ilyas et al. 2019). Tanpichai et al. (2019) studied and isolated 

nanofibrillated cellulose from bamboo microfibers by the method of steam explosion.  

Marinho et al. (2020) successfully isolated and produced nanofibrillated cellulose from 

ramie fibers by alkaline organosolv and bleaching process; the resulting NFC and 

exhibited good physical, mechanical and barrier properties.  

                                 

Fig. 1. Photograph of Agave americana L. plants 

 
Agave americana L. is primarily known for its succulent plant; it is one of 

approximately 140 to 275 species of the Agave genus, belonging to the family 

Asparagaceae. The juice is usually extracted from the core of the plant and has many 

useful benefits, with good antimicrobial and antiseptic properties and a cellulose content 

of 60% to 80% (Msahli et al. 2005; Kolte et al. 2012). The matured and rosette leaves are 

harvested from the third year from the date of planting. The leaf length is approximately 
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150 cm to 250 cm, and each plant yields approximately 40 to 50 plant leaves per year. 

The life span of the plant is 30 years. The dry mass of fiber varies from 2.5% to 4.5% 

(Kolte et al. 2012). The leaves are silvery-grey in appearance (Fig. 1). 
In India, Agave species are grown in the dry zones of Tamil Nadu, Andhra 

Pradesh, Odisha, Maharashtra, Madhya Pradesh, Karnataka, Jharkhand, and West Bengal 

(Singh et al. 1999). They are grown along roadsides, railway lines, and river banks, and 

they are also good hedge plants. Farmers from different districts of Tamil Nadu obtain 

the fibers from Agave leaves, and they are made into different products, including ropes, 

handicrafts, garments, yarns, twines, carpets, and mats. In India, Agave fiber annual 

production is estimated to be approximately 12 tonnes, but the large-scale requirement of 

Agave fiber is approximately 50 tonnes. Annually, India purchases Agave from other 

countries including Tanzania and Kenya at a value of INR 25 millions. However, India 

exports twines and ropes to Nepal and Fiji that are made from Agave fiber (Sarkar and 

Sarcar 1996). The Global scenario of Agave fiber production was 39,925 thousand tons in 

2017 of which Columbia shares about 48.52 % of total production (FAOSTAT, 2017). 

In this study, NFC was extracted and isolated from Agave americana L. plant 

fiber. The fiber was chemically pre-treated with alkali and bleaching, followed by acid 

hydrolysis with nitric acid and acetic acid in combination with ultrasonication. The fiber 

functionality and the structural, morphological, and thermal decomposition properties of 

the synthesized NFC were studied using Fourier-transform infrared spectroscopy (FTIR), 

X-ray diffraction (XRD), thermogravimetry (TG), derivative thermogravimetry (DTG), 

scanning electron microscopy (SEM), and transmission electron microscopy (TEM). 

 

 

EXPERIMENTAL 
 
Materials  

The mature Agave leaves used in this study were harvested from the 

Thondamuthur village of Coimbatore city in Tamil Nadu, India. The chemical reagents 

used were sodium chlorite (NaClO2, HiMedia, Mumbai, India), acetic acid glacial (99%, 

S. D. Fine-Chem Limited, Mumbai, India), and sodium hydroxide (NaOH, S. D. Fine-

Chem Limited, Mumbai, India). Nitric acid (69% to 72% AR grade, S. D. Fine-Chem 

Limited, Mumbai, India) was already available in the laboratory. All used reagents were 

analytical grade. 

 
Methods 
Extraction of cellulose from Agave americana fibers 

The sharp thorns present on the mature Agave leaf margins and the tip at the apex 

portion were removed using a sharp knife. The initial weight of the leaves to be 

extractable was recorded, and the final weight was recorded after fiber extraction using a 

simple, custom-made Raspador machine, which was available at the Tamil Nadu 

Agricultural University ECO-Green Unit (Coimbatore, Tamil Nadu, India). The as-

extracted fiber was transported to the lab and weighed. The fiber was allowed to dry 

completely for 24 h at 60 °C in an oven. The oven-dried fibers were used for the alkali 

treatment, bleaching, and acid hydrolysis to yield NFC. Prior to that, the fibers were cut 

into small pieces of 1 cm to 2 cm and ground using a mill to yield a fine powder. Then 

ground fibers were alkali treated with 2% w/v to 4% w/v of NaOH at 80 °C in a hot water 

bath for 2 h followed by bleaching treatment which was performed using 2% w/v of 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Krishnadev et al. (2020). “Agave americana NFC,” BioResources 15(2), 2442-2458.  2445 

NaClO2 at 80 °C in a hot water bath for 4 h followed by acid hydrolysis using precisely 

2.5 g of the fibers were treated with 20 mL of nitric acid (70%) and acetic acid (80%) at 

100 °C in a hot water bath for 30 min. Then, the fiber suspension was allowed to cool and 

was washed with distilled water until the fiber appeared to be white. Each fiber treatment 

was repeated twice, and the fibers were washed with distilled water after each treatment. 

 

Fiber recovery yield, fiber yield percentage, moisture percentage, fiber length, fiber 

diameter, and chemical composition analysis 

The percentage of fiber recovery can be determined from the amount of extracting 

biomass. Fiber recovery is given as a percentage (in this case, of Agave americana fiber). 

The fiber recovery percentage and fiber yield were estimated and calculated using 

Eq. 1 (Syracuse University 2011): 

 

            Recovery (%) =                                                                    x 100   (1) 

 

The complex of lignocellulosic materials consisted of polysaccharides, micro-

fibrillated cellulose, hemicelluloses, holocellulose, lignin, and other extracts. Using Eq. 2, 

the fiber yield percentage was calculated. 

 

 Fiber Yield (%) =                                                                  x 100   (2) 

 

The leaf fibers were chemically analyzed to determine the holocellulose (cellulose 

and hemicellulose) and lignin content. The sodium chlorite method of analysis was used 

to determine the holocellulose content. Approximately 2.5 g of the raw fibers was used 

for the analysis; the complete methodology is detailed elsewhere (Rowell 2012). The 

amount of lignin present in the fiber was analyzed according to the modified ASTM D-

1166-84 (2001) method. Each experiment was replicated in three sets, and the standard 

deviations were calculated. 

 

Moisture calculation 

After fiber extraction at the Tamil Nadu Agricultural University ECO-Green Unit, 

moisture calculation was performed by a set of three replications. The initial weight of 

Agave fiber was recorded using a precise weighing balance. Then, it was stored at less 

than 60 °C for 24 h in a hot-air oven and weighed to determine the dry weight of the 

sample. The moisture content of the fiber was calculated using Eq. 3 (Naik et al. 2013). 

 

             Moisture (%) =                                                   x 100         (3) 

 

Fiber length and diameter measurements 

To determine the average fiber length and diameter after extraction, the fibers 

were straightened, and length measurements of random single fibers were made using a 

meter stick followed by diameter measurement using a digital caliper (resolution: 0.1 mm 

/ 0.01 in.; accuracy: ± 0.2 mm / 0.01 in.). Sets of 30 and 20 measurements were taken for 

length and diameter, respectively. The length and diameter were represented in cm and 

mm.  

Weight of the dried fiber (g)

Weight of fiber after decortified (g)
 

Weight of the fiber (g)

Weight of fiber extractable leaves (g)
 

Fresh weight − Dry weight

Fresh weight
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Isolation of NFC from Agave americana fibers 

The methodological routes to obtain NFC from Agave fibers are depicted in Fig. 

2.  

 
 

   

Fig. 2. Scheme for NFC Production from Agave americana fibers 
 

The isolated cellulose was suspended in 10 mL of ethanol and ultrasonicated 

(Citizon, Digital Ultrasonic Cleaner, CD 4820 2.5 liters, Citizen Scales (India) Pvt Ltd) 

for 30 min. For three replications, the NFC yield was calculated using Eq. 4 (Gopinathan 

et al. 2017). 

 
 

 

Characterization and Analysis  
FTIR analysis 

Fourier-transform infrared spectra of the milled raw Agave fibers, 

microcrystalline cellulose (MCC), and NFC samples were recorded using a Jasco 6800 

(JASCO Corporation, Tokyo, Japan) in the range 400 to 4000 cm-1 with a scanning 

resolution of 4 cm-1. Before analysis, all of the samples were milled into a fine powder 

and dried for 6 h at 60 °C in a hot-air oven. All the samples were analyzed by the 

attenuated total reflection (ATR) method (ATR Pro One, JASCO Corporation, Tokyo, 

Japan). 

 

XRD analysis 

X-ray diffraction analysis was performed using a Rigaku Ultima IV 

diffractometer (Tokyo, Japan) at 40 kV and 30 mA with Cu-Kα radiation (λ = 0.1541 

Nanofibrillated cellulose yield (%)  =
Weight of dried NFC cellulose (g)

Weight of the fiber used for extraction (g)
 x 100 (4) 
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nm). Before analysis, the samples were milled into a fine powder, left to dry in an oven, 

and pressed uniformly into a sample holder. The scattered data were acquired within a 2θ 

range from 10° to 90°. The crystallinity indices (Ic) of the Agave fibers at the raw stage, 

the NFC, and commercial MCC were determined using Eq. 5 (Segal et al. 1959), 

 

 

                                                                                                            (5) 

where I002 is the maximum intensity of diffraction of the (002) lattice peak (22° to 23°), 

and Iam is the minimum intensity of the amorphous material at 18° to 19°. 

 

Thermogravimetric analysis  

A NETZSCH STA 449 F3 Jupiter (Selb, Germany) thermogravimetric analyzer 

was used to characterize the thermal stabilities and decomposition temperatures of the 

Agave raw fibers and the NFC. Approximately 5 mg of sample was placed in a platinum 

crucible and exposed to heat from 30 °C to 600 °C with a heating rate 30 °C/min. All the 

samples’ measurements were performed under a nitrogen atmosphere. 

 

SEM analysis 

Scanning electron micrographs of the raw and acid-treated Agave fibers were 

recorded using a Quanta 250 (FEI, Hillsboro, OR, USA) at an accelerating voltage of 8 

kV. The milled raw fibers and ultrasonicated treated fibers were sputter coated (Emitech 

SC7620, Quorum Technologies, East Sussex, United Kingdom) with gold/palladium 

directly, to avoid charging, and a few drops of the ultrasonicated solution were gradually 

placed onto the two-sided conductive carbon tape on an SEM stub. Thereafter, the stub 

was allowed to dry in an oven. The stub was mounted on the sample stage, and the 

images were taken. 

 

TEM analysis 

To determine the dimensions of the Agave NFC, the acid hydrolyzed solution was 

ultrasonicated for 30 min and observed using TEM (FEI, Hillsboro, OR, USA) at an 

accelerating voltage of 100 kV. All the images were taken in bright-field mode. 

Approximately 10 µL of the diluted Agave NFC suspension was placed on a TEM sample 

grid (carbon-coated copper grid) and left to dry at room temperature.  

 

 

RESULTS AND DISCUSSION 
 
Fiber Recovery Yield, Fiber Yield Percentage, Moisture Percentage, Fiber 
Length, Fiber Diameter, Chemical Composition Analysis, and NFC Yield 

The average yield of the fiber and the recovery percentage were successfully 

estimated for the Agave plant. The recovery percentage of raw fiber was recorded (2%) 

and (36%) of fiber yield percentage. The fibers treated chemically in different stages 

(viz., raw, alkali treated, and bleached) are presented in Table 1. The matured raw Agave 

fibers were composed of 65% cellulose, 32% hemicellulose, and 3% lignin. 

Hemicellulose and lignin fractions were greater in the raw fiber, compared to the treated 

fibers. A sufficient amount of hemicellulose (decreasing from 32% to 22%) was 

eliminated after the fibers were treated with NaOH.  These results are in accordance with 

the results of Sghaier et al. (2012), who treated Agave fibers with 5% of NaOH were 

Ic  =
I002−𝐼𝑎𝑚 

𝐼002
 x 100  
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significantly decreased from (32.1% to 24.6%). The lignin content was reduced with 

NaClO2 as the bleaching treatment, with which it reacts as a lignin chloride. The 

bleaching treatment not only removes lignin, but it also removes some of the 

hemicellulose. The final cellulose content was 90.4% after the bleaching treatment. These 

results are in agreement with previous researchers who extracted and isolated cellulose 

content (97.3%) from Agave angustifolia plant fiber (Rosli et al. 2013) and two banana 

pseudostem cultivars (Poovan, 59.5%; Grand Nain, 56.9%) (Gopinathan et al. 2017). The 

moisture and dry mass percentages (81% and 19%, respectively) were recorded before 

and after the dry stage. Fiber length was measured to learn about the strength, evenness, 

and appearance. The fiber length range varied in different sizes, which were obtained 

during the fiber extraction and few of the fiber bundles are broken during extraction 

process. The average length was 106 cm. These results show that the length of the single 

fiber is equal to the length of the sheath (Msahli et al. 2006). The fiber diameter was 

measured to know the uniformity of width. The average fiber diameter was 0.17 mm. All 

the fiber bundles were found to be equal in diameter. These results show the uniformity 

of the fibers’ width, indicating quality and flexibility (Morton and Hearle 1975). The 

recovery percentage of the NFC was 27.0% after acid hydrolysis, followed by 

ultrasonication for 30 min, confirming the reported high holocellulose content. 

 

Table 1. Mean Values of Fiber Recovery Yield, Fiber Yield Percentage, Moisture 
Percentage, Dry Matter, and Chemical Composition of Agave americana Fibers 
Treated Chemically at Different Stages 

Fiber 
Stage 

Fiber 
Recovery 

(%) 

Fiber 
Yield 
(%) 

Moisture 
(%) 

Dry 
Matter 

(%) 

Cellulose 
(%) 

Hemicellulose 
(%)                           

Lignin 
(%) 

Raw 
Fiber 

2 ± 0.3 36 ± 1 81 ± 1 19 ± 1 65 ± 2 32 ± 2 
3 ± 
0.3 

Alkali 
Treated 

- - - - 77 ± 9 22 ± 8 
1.4 ± 
0.2 

Bleached - - - - 90  ± 5 9 ± 5 
0.4 ± 
0.1 

 

Morphology Analysis of Agave americana L. Fibers 
The Agave fibers treated chemically in different stages are shown in Fig. 3. The 

color changed from brownish (raw fiber), followed by cream to brownish (after alkali 

treatment), to whitish (cellulose after bleaching and acid hydrolysis). Then, the cellulose 

was ultrasonicated (water bath) for 30 minutes to achieve NFC. 
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Fig. 3. Images of Agave (a) raw fiber, (b) alkali treated fiber, (c) bleached treated fiber, and  
(d) NFC 

 
Chemical Treatment 

The Agave fibers were acid treated with a combination of nitric acid (70%) and 

acetic acid (80%). The fiber color, which was treated with the alkali and bleaching 

processes, was not white. This result may be due to the strong oxidizing action and 

protein denaturant of nitric acid with the fibers. Generally, in plant based fibers, the 

chemical constituents of lignin, hemicelluloses, and other major lignocellulosic matter are 

removed successfully with a combination of nitric acid (70%) and acetic acid (80%) 

(Updegraff 1969). A similar acid mixture has been used for isolation of cellulose and 

removal of lignin from two banana cultivars (Gopinathan et al. 2017). The adopted 

procedure effectively eliminated the non-cellulose polysaccharides, in addition to 

reducing environmental risks, as well as the conventional method of delignification and 

bleaching (Sun et al. 2004). The complete chemistry of delignification was because of the 

assisting high temperatures, nitric acid concentrations that show lignin in yellow and it is 

soluble in acetic acid (Thomson 1838). 

 
SEM Analysis 

The raw Agave fiber and the fiber after acid treatment were characterized by 

SEM, which revealed the morphological changes that occurred in the process of 

transforming raw fiber mass into NFC (Fig. 4a). The raw Agave fiber showed serrated 

layers of xylem and phloem with cavity diameters of 35 µm to 40 µm. These data were in 

partial agreement with previous research that measured central cavities (14 µm to 23 µm) 

in banana fiber (Gopinathan et al. 2017).  
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Fig. 4. SEM Images of Agave (a) raw fiber, (b) alkali-treated fiber, and (c) acid-treated fiber 

 
After alkali treatment of the raw Agave fiber, it started to deform due to the partial 

removal of lignin and hemicellulose (Fig. 4b). This may be due to the fact that cementing 

materials (such as hemicellulose and lignin) that are present in the fiber get dissolved 

completely with NaOH. Such treatment has been found to be successful in eliminating 

the waxy materials, pectin, lignin, and hemicellulose from the fiber surface. In the 

bleaching step, a microfibrillar structure was observed, indicating maximum removal of 

lignin and hemicellulose during the process (Sghaier et al. 2012). After acid treatment, 

further defibrillation occurred and transformed from microfibrils to nano size range 

fibrils after mechanical process (ultrasonication), with short fibrils ranging from 1 µm to 

2 µm and long fibrils of 4 µm to 6 µm (Fig. 4c). 

 
TEM Analysis 

A high-resolution transmission electron micrograph was taken of the NFC to 

visualize the internal structure that was not visible in the scanning electron micrographs. 

The complete removal of cementing materials around the fiber is distinctly visible in the 

transmission electron micrograph in Fig. 5a. After acid hydrolysis, the fibers were 

disintegrated from microfibrillated cellulose to NFC after successful ultrasonication for 

30 min. The results were in accordance with previous research that achieved NFC as a 

filament-like structure, and the ultra-sonication time resulted in good disruption with 

multiple entangled networks (Pelissari et al. 2014). The transmission electron micrograph 

of aqueous NFC shows uniform network separation of fibrils. The average particle size 

distribution of the Agave NFC was 18.2 nm ± 10.14 nm. (Fig. 5b). These data were in 

agreement with earlier research on NFC from two banana pseudostem cultivars (4 nm to 

6 nm for Poovan; 6 nm to 10 nm for Grand Nain) and MFC (5 nm) in cotton and ramie 

(Šturcová et al. 2004; Gopinathan et al. 2017). This result was attributed to the attractions 

of Van der Waals forces among the nanoparticles (Othman et al. 2012; Lani et al. 2014). 

The mechanical strength of the fiber is based on the fibrils’ aspect ratios. It is important 

to know the ratio of the fibrils’ lengths and diameters, as depicted in the TEM images 

(Fortunati et al. 2013).The aspect ratio (25 to 33) was calculated from the transmission 

electron micrographs.  
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Fig. 5. (a) Transmission electron micrograph of Agave NFC and (b) Agave NFC particle size 
distribution 

 
FTIR Analysis 

Fourier-transform infrared spectroscopy is a useful technique to differentiate 

various samples based on their chemical constituents (functional groups) and to know the 

properties of materials. Raw fiber, NFC prepared from the Agave fibers, and commercial 

MCC was analyzed, and the FTIR spectra are shown in Fig. 6. The main peaks 

corresponding to cellulose, are shown in Table 2. The confirmation of cellulose was 

obtained from the peaks at 3329 cm-1 to 3330 cm-1, which corresponded to OH stretching.  

These OH stretching peaks were in agreement with the previous peak values at 3300 cm-1 

and 3400 cm-1 (Rosli et al. 2013; Gopinathan et al. 2017). Peak shifts of C-H 

symmetrical stretching were in the range of 2886 cm-1 to 2900 cm-1 (Khalil et al. 2001). 

The FTIR peaks pertaining to C=O stretching vibrations were in the range of 1731 cm-1 

to 1734 cm-1, which confirms functional groups of pectin, hemicellulose, lignin, 

carboxylic groups of ferulic and p-coumaric acid, and ester groups of acetyl and uronic 

acid. Sun et al. 2005; Sain and Panthapulakkal 2006). Water can be found in cellulose due 

to the strong interaction between them. The apparent spectral peaks at 1601 cm-1 to 1653 

cm-1 corresponded to OH bending of absorbed water (Le Troedec et al. 2008; Gopinathan 

et al. 2017). The peak values of C-O-C pyranose ring stretching were in the range of 

1019 cm-1 to 1031 cm-1 in raw fiber, NFC and MCC samples. These peaks’ increase was 

due to the band intensity and crystallinity of samples (Elanthikkal et al. 2010). The small 

peaks at 663 cm-1 to 664 cm-1 in raw fiber, NFC, and MCC samples were attributed to C-

OH out-of-plane bending. The present FTIR results indicated that the process conditions 

were successful in eliminating some of lignin and hemicellulose during the 

delignification process. 
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Fig. 6. FTIR spectra of Agave (a) raw fiber, (b) NFC, and (c) Microcrystalline  

 

Table 2. FTIR Peaks of the Agave Raw Fiber, Agave NFC, and MCC 

Sample 
OH 

Stretching 
(cm-1) 

C-H 
Stretching 

(cm-1) 

C=O 
Stretching 

(cm-1) 

C-O-C 
Pyranose 

Ring 
Vibrations 

(cm-1) 

C-H Deformation 
with a Ring 

Vibration and O-H 
Bending (cm-1) 

Agave 
raw fiber 

3307 2887 1734 1023 663 

Agave 
NFC 

3372 2934 1775 1073 718 

MCC 3330 2887 1734 1033 663 

 
XRD Measurements 

The XRD patterns of the raw Agave fibers, the MCC, and the NFC showed peaks 

at approximately 2θ  = 15.70°, 22.34°, 14.58°, 22.50°, 34.63°, 15.11°, 22.50°, and 34.52° 

(Fig. 7), indicating the distinctive cellulose I structure. Among all the peaks, there were 

slight differences in the peak intensities, representing fiber crystallinity changes. For 

some plant derived fibers (such as cotton, banana pseudostem fiber, and flax) with high 

cellulose content, three peaks at approximately 16°, 16.6°, and 16.7° are observed. 

However, for the raw Agave fibers, only one broad peak (15.70°) was observed; this 

result may be due to the predominance of amorphous material covering the two peaks 

(Subramanian et al. 2005; Tserki et al. 2005). In Fig. 7b, the peaks of the Agave NFC at 

15.11°, 22.50°, and 34.52° were similar to the peaks in cotton, flax, and banana 

pseudostem fiber, with a sharp peak at 22.50°, showing a greater crystallinity by 

removing more amorphous domains in the fiber (Rosli et al. 2013; Gopinathan et al. 

2017). The crystallinity indices for the Agave raw fiber, the NFC, and the commercial 

MCC were 50.10 %, 64.11%, and 70.40%, respectively (Table 3), a clear increase from 
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before to after the chemical treatment. Moreover, the crystallinity index is used to show 

the order of crystalline instead of the crystallinity of crystalline regions (Rosli et al. 

2013). The increase in crystallinity index was mainly because of the partial elimination of 

amorphous constituents and the crystalline regions being arranged in ordered manner.   
 

 
Fig. 7. XRD patterns of Agave (a) raw fiber, (b) NFC, and (c) Microcrystalline  

 
Table 3. Crystallinity Indices and 2θ Values of Agave Raw Fibers, Agave NFC, 
and MCC 

Sample Crystallinity Index 2θ (°) 

Agave raw fiber 50.10 15.70, 22.34 

Agave NFC 64.11 15.11, 22.50, 34.52 

MCC 70.40 14.58, 22.50, 34.63 

 
Thermal Stability Analysis 

Lignocellulosic materials are routinely characterized by thermal behavior, 

crystallinity, structure, and chemical composition (Fisher et al. 2002). The TG curves for 

the Agave raw fibers are shown in Fig. 8a. The initial weight loss of raw Agave fibers was 

observed between 25 °C and 177.3 °C due to removal of moisture. This first step is not 

general in all other fiber samples and this is because of the fiber was stabilized at 110 °C 

for 10 minutes. The second weight loss of raw Agave fibers found to be at 350.8 °C, and 

this is due to thermal depolymerization of hemicellulose, and breakdown of glycosidic 

linkages of cellulose (Karakoti et al. 2020). In Fig. 8b, the initial weight losses of the 

Agave raw fiber started at 51.5 °C by complete evaporation of moisture, followed by 

degradation of hemicellulose and α-cellulose at 203.0 °C and 331.8 °C, respectively 

(Basak et al. 1993). The initial degradation of the NFC was recorded at 275.4 °C, after 

which the degradation was rapid, losing approximately 80% of the initial weight at 374.7 

°C. The char residue was higher in the case of NFC, and this was because of 

hemicellulose, α-cellulose, lignin, and other substituents present in the fiber and which 

were found to be absent completely in the NFC fiber samples after complete degradation 
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of lignin, which was confirmed further by FT-IR spectra. The weight loss occurring from 

297.4 °C to 353.8 °C was due to the loss of α-cellulose and hemicellulose (Gopinathan et 

al. 2017). The peak due to lignin was absent, due to the negligible presence in the raw 

fiber and NFC. The greater thermal stability of the NFC might be due to its high 

crystallinity index, which was discussed in the XRD characterization section (Rosli et al. 

2013). 

 

 
Fig. 8. (a) TG and (b) DTG curves of Agave raw fiber and NFC 

 

The NFC from Agave americana was considered a suitable candidate for 

developing an eco-friendly, biodegradable nano-film packaging, by reducing the post-

harvest losses of perishables and prolonging the storage life of fruits and vegetables. The 

fiber recovery was 2%, the NFC yield was 27.0%, and the crystallinity index was greater 

than that of the raw fiber. The thermal degradation exhibited a peak at 353.81° C, with an 

average particle size of 18 nm ± 10.14 nm. This potential green fiber extracted NFC with 

high strength could be used as a reinforcing material in composites and possibly be a 

replacement for petroleum-based plastics. A nano-film derived from the plant fiber could 

also be developed, which would be environmentally friendly. 

 

 

CONCLUSIONS 
 
1. The fresh and matured Agave plants were collected and effectively isolated and 

chemically treated with 2% to 4% of NaOH, which successfully eliminated the 

hemicellulose, followed by delignification with 4% NaClO2. 

2. The NFC was successfully isolated by acid hydrolysis (nitric acid 70%; acetic acid 

80%) coupled with ultrasonication for 30 min. 

3. The functional, structural, and thermal stabilities of the Agave raw fiber and NFC 

samples were analyzed using FTIR, XRD, TG, and DTG. 

4. The cellulose content increased from 65% to 90% from the raw to the NFC stage. 

5. The NFC yield was 27.0% after acid hydrolysis. 

6. The crystallinity index increased from 50.10% to 64.11% from the raw fiber to the 
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NFC sample. 

7. The transmission electron micrograph revealed the successful disintegration of the 

fiber from the micro to the nano range, with an average particle size of 18.2 nm ± 

10.14 nm. 

8. The NFC was a suitable candidate as a reinforcing filler material in biodegradable 

packaging composites as an alternative to synthetic plastics. 
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